Opto-mechanical coupling effects on metallic nanostructures by Ben, Xue
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2015
Opto-mechanical coupling effects
on metallic nanostructures
https://hdl.handle.net/2144/16036
Boston University
BOSTON UNIVERSITY
COLLEGE OF ENGINEERING
Dissertation
OPTO-MECHANICAL COUPLING EFFECTS ON
METALLIC NANOSTRUCTURES
by
XUE BEN
B.S., University of Science and Technology of China, 2009
M.S., Boston University, 2012
Submitted in partial fulllment of the
requirements for the degree of
Doctor of Philosophy
2015
c 2015 by
XUE BEN
All rights reserved
Approved by
First Reader
Harold S. Park, Ph.D.
Associate Professor of Mechanical Engineering
Second Reader
Aaron Schmidt, Ph.D.
Assistant Professor of Mechanical Engineering
Third Reader
Katherine Y. Zhang, Ph.D.
Associate Professor of Mechanical Engineering
Associate Professor of Biomedical Engineering
Fourth Reader
Xin Zhang, Ph.D.
Professor of Mechanical Engineering
Professor of Materials Science and Engineering
Acknowledgments
I would like to thank my advisor Professor Harold S. Park rst and foremost. It
is my great honor to work on this project that brings in Professor Park's expertise
in Mechanical Engineering and my optics and physics background together in hand
and stimulates creativities and excitments throughout the study. Professor Park has
made a deep impact on me in both research and in the ways I perceive the world.
He engaged a lot in discussing research ideas, and practical approaches with me,
and obtaining funding, which makes my PH.D. experience encouraging, productive
and consistent. The weekly one-to-one meeting benets me a lot, where I could get
refreshed, stimulated, and more logistic and clearer minded in diving into the work
of the following week. He is also more than willing to take his time to share with me
about his life experience and viewpoints in the aspects that could enlighten me. From
every time talking and sharing with him, I learned that doing research is a way to
answer our own curiosities. Research is never a reluctant work but a life style. Even
though the problem might seem overwhelming at the rst glance, but with our grit
and comprehensive and systematic reasonging, something would eventually come out,
and complete the understanding of the world in a small step. With these thoughts in
mind, and over the ve years of Ph.D. study under the mentoring of Professor Park, I
have been gradually building up condence in research and life. And I am extremely
excited and honored that my contribution could be a part of the scientic work done
by generations of humanity.
I would also like to thank my thesis committee members: Professor Aaron Schmidt,
Katherine Y. Zhang, Xin Zhang for their insightful and enlightening comments and
challenging questions to make my thesis more complete and persuasive. Besides, the
warm discussions with my fellow labmates Penghui, Zenan, and Shuangxing and the
encouragement from all other labmates Gwongchan, Weiwei, etc. also beneted me
iv
substantially during my Ph.D. study.
Lastly, I would like to extend my gratitude to my family, for providing me the
support that I needed to build a dream and the courage to pursue it. And for believing
that I have the talent and persistence to reach my goals. From all these, I understand
how love can get one prepared to go beyond life's obstacles and challenges, and with
this \love", one cannot be defeated. In the future, I am more certain that sky is the
limit.
This research was supported in-part by NSF CMMI-1036460, and also the Me-
chanical Engineering Department at Boston University.
v
OPTO-MECHANICAL COUPLING EFFECTS ON
METALLIC NANOSTRUCTURES
XUE BEN
Boston University, College of Engineering, 2015
Major Professor: Harold S. Park, Ph.D.
Associate Professor of Mechanical Engineering
ABSTRACT
Surface plasmon is the quantized collective oscillation of the free electron gas in a
metallic material. By coupling surface plasmons with photons in dierent nanostruc-
tures, researchers have found surface plasmon polaritons (SPP) and localized surface
plasmon resonance (LSPR), which are widely adopted in biosensing, single molecule
sensing and detection via surface enhanced raman scattering (SERS), photothermal
ablation treatments for cancer, optical tagging and detection, strain sensing, meta-
materials, and other applications.
The overall objective of this dissertation is to investigate both how mechanics
impacts the optical properties, and also how optics impacts the mechanical proper-
ties of metal nanostructures reversely. Mechanically engineering individual nanos-
tructures(forward coupling) oers the freedom to alter the optical properties with
more exibility and tunability. It is shown that elastic strain can be applied to gold
nanowires to reduce the intrinsic losses for subwavelength optical signal processing,
leading to an increase of up to 70% in the surface plasmon polariton propagation
lengths at resonance frequencies. Apart from strain engineering, defects are another
important aspect of mechanically engineering nanoscale materials, whose impacts on
vi
the optical properties of metal nanostructures remain unresolved. An atomic elec-
trodynamic model has been derived to demonstrate that those eects are crucial for
ultrasmall nanoparticles with characteristic sizes around 2 nm, and can be safely ig-
nored for those larger than about 5 nm due to the important contribution of nanoscale
surface eects.
Another key focus of this research project (reverse coupling) is to investigate
the currently unknown eects that an external optical eld has on the mechanical
properties of metal nanostructures. Since each atom in the nanostructure acts as a
dipole due to induced electron motions, this optical excitation introduces additional
dipolar forces that add to the standard mechanical atomic interactions, which could
alter the mechanical properties of the nanostructures. Furthermore, it is shown that
when linking mechanics with LSPR, because the metal is dispersive, the mechanical
behavior or the strength of the nanostructure should be dependent on the frequency
of the electromagnetic excitation. To study this phenomenon, a simpler case with an
electrostatic eld excitation is considered rst, and conclusions are reached on how
static elds can be used to tune the elasticity of metallic nanostructures with dierent
sizes and axial orientations and surfaces. Then building upon those understandings,
studies were carried out in determining the eects of an optical eld, specically at
LSPR frequency, on the mechanical properties of metallic nanostructures. It is found
that the initial relaxation strain induced by the static eld or optical eld is the key
factor leading to the variations in the stiness of the metallic nanostructures that are
excited by optical elds at the LSPR frequencies.
vii
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1Chapter 1
Introduction
1.1 Plasmonics
In the fascinating eld of nanophotonics, plasmonics forms a major part, which ex-
plores the interaction between electromagnetic radiation and conduction electrons at
metallic interfaces or in small metallic nanostructures, leading to an enhanced and
conned optical near eld of sub-wavelength dimension.
The beauty of plasmonics research lies in its simplicity. With just the Maxwell
equations, material properties, and boundary conditions (Maier, 2007) , which are all
rmly grounded in classical physics with no new fundamental particles and no com-
plication of quantum mechanics, researchers in this area have already demonstrated
how distinct phenomena can occur if discontinuities or sub-wavelength structures are
imposed. By applying the classical analytical techniques on dierent sub-wavelength
nanostructures, researchers have found unexpected surprises, denoted as surface plas-
mon polariton (SPP) and localized surface plasmons (LSP), shown in Fig.(11). These
two have draw great attention and eorts from researchers around the world in the
last century.
SPPs are the propagating, dispersive electromagnetic waves coupled to the free
electron gas of metallic material at the dielectric interface. The surface charge den-
sity oscillation associated with surface plasmons at interface gives rise to strongly
enhanced optical near-elds which are spatially conned near and exponentially de-
caying along the metal surface.
2LSPs are non-propagating excitations of the free electrons from metallic structures
coupled to electromagnetic eld, when the electron gas is conned in three dimen-
sions. This stems from the scattering problem of a small, sub-wavelength conductive
nanoparticle in an oscillating EM eld. The curved surface of the particle exerts
an eective restoring force on the driven electrons, so that a resonance can occur
(LSPR), leading to eld enhancement both inside and into the near-eld zone outside
the particle.
The research on plasmonics is heavily dependent on four underlying elements,
as elucidated by Maier (Maier, 2007) : (1) the ready availability of state of the art
fabrication methods; (2) high sensitivity optical characterization techniques; (3) rapid
advances in computing power and speed; (4) wide range of potential applications,
across the scientic spectrum, ranging from energy, chemistry, biology, physics and
engineering, such as solar cells, high resolution microscopy, drug design and more.
As stated by Maier (Maier, 2007), "Plasmonics is one of those small-scale topics
where good people can do interesting things with modest resources". This Ph.D.
research project starts with a simple but elegant idea in coupling the two disciplines{
Nano-optics, and Mechanics, and takes full advantage of computational engines to
theoretically and predictively study coupled optical and mechanical properties of
nanoscale metallic materials.
1.2 Optomechanical Coupling
Plasmonics has been a major focus for research at nanoscale due to their unique prop-
erties and potential in bringing novel ideas and innovations when combined with other
research elds, such as mechanics and electronics down to nanoscale. The purpose
of this dissertation zeros right in on surface plasmon resonance-induced forward and
reverse optomechanical coupling in FCC metal nanostructures: coupling mechanical
3Figure 11: Illustrations of SPP and LSPR. The gure is taken from
Willets KA. Van Duyne RP.2007. Annu. Rev. Phy. Chem. 58:267-97.
4deformation to modulate optical properties (the forward coupling), and studying how
optical response of the nanostructure impacts its mechanical properties (the reverse
coupling).
The work makes original contributions to the understanding of how coupling of
traditionally disparate physical eects (mechanical strain, optical polarization) can
be utilized to engineer and tailor both the mechanical and optical properties of metal
nanostructures that are subject to externally applied electromagnetic radiation.
1.2.1 Mechanical Deformation Eects on Optical Properties of Nanos-
tructures
Many research eorts have been driven to study the inuence of nanostructure size,
shape and surrounding medium dielectric function, interparticle distance, on the op-
tical properties of (already synthesized) noble metal nanostructures. Fig.(12) is the
results of actively controlling the inter-nanoparticle distance through stretching the
underlying elastomers (Ben and Park, 2011).
For a single metallic nanostructure, once its size, shape and dielectric medium are
set, the optical properties are xed. One way to actively tune the optical properties,
i.e. real-time control, tailoring and engineering of the optical properties as needed,
would thus be through application of mechanical strain.
Mechanical strain on a single nanostructure can change the intrinsic lattice spac-
ing, alter its electron density, and therefore can be used to actively tailor and control
the optical properties of metallic nanoparticle across a large part of visible spectrum
(Qian and Park, 2010a).
Then is it possible to take advantage of strain to reduce losses and thus enhance
the optical signal propagation (SPR propagation length) in nanowires (NWs) at sub-
wavelength scale? This is important, because electromagnetic energy conned at
the metal-dielectric interface exhibits an exponential decay in the direction of SPP
5Figure 12: (a) Illustrations on the stretching of two dimensional gold
nanoparticle array. (b) By scaling the gap distance over diameter, and
plasmon wavelength shift over single nanoparticle plasmon resonance
wavelength, a universal plasmon ruler is used to describe the two di-
mensional particle interaction.
6propagation for metals such as gold and silver (Maier, 2007; Weeber et al., 2003;
Novotny and Hecht, 2006), which limits the maximum propagation length of light
for subwavelength guiding (Barnes et al., 2003; Bozhevolnyi et al., 2006; Boltasseva
et al., 2005; Oulton et al., 2008; Liu et al., 2005; Nikolajsen et al., 2004; Tanaka
and Tanaka, 2003). Therefore, one fundamental issue that must be overcome for
SPP-based nanophotonic circuits is the losses associated with this resistive heating
in metals. In particular, the high propagation losses related to SPPs at optical fre-
quencies pose a substantial hurdle for SPP-based devices for subwavelength optical
signal processing (Leosson et al., 2006).
Approaches to reducing the resistive heating losses that arise from the imaginary
portion of the dielectric function, generally come with a sacrice in energy conne-
ment. Because of this, this thesis presents a dierent approach to reducing the losses
in gold nanowires due to changing the lattice spacing (mechanical deformation) - that
of applied tensile mechanical strain. While gold is intrinsically more lossy than silver,
particularly at optical frequencies (Solis Jr et al., 2010; Khurgin and Sun, 2010), it is
studied more widely because silver is chemically unstable at ambient conditions (Wild
et al., 2012). It is demonstrated that changes in the core electron density due to ap-
plied tensile strain enable substantial enhancements in the SPP propagation length
at optical frequencies. The current nding thus provides a dierent perspective in de-
signing and fabricating gold nanoplasmonic devices to support ecient optical signal
transfer, which is discussed in detail in Chapter 3.
The mechanical strain modies the optical responses of nanostructure, which can
be captured through modications of the bulk material description, i.e. the electric
permittivity . However, surface stresses and defects are also important factors in
nanostructures, which standard computational techniques (FEM, FDTD) based on
continuum theory become incapable, since they cannot distinguish between the sur-
7faces and defected volume at the atomic scale. One would experience considerable
diculty in applying these numerical nite dierence methods to study the optical
properties of metal nanostructures that contain planar defects, and as a result, aside
from a few studies (Hao et al., 2004; Oubre and Nordlander, 2004) that considered
pinhole-type defects in metal nanoshells, the eect of planar defects on the optical
properties of metal nanostructures is largely unknown and unresolved (Goubet et al.,
2013). Besides, the optical property of nanostructures with dierent surface orien-
tations also requires a computational method that can resolve the discrete surface
structure. A computational methodology to take each atom position into consid-
eration would be extremely useful in this regard. In this dissertation, an atomic
electrodynamic method will be introduced to capture this surface and defect eects
in Chapter 2, followed by the application of this method on studying of mechanical
eects on the optical properties of nanostructures in chapter 3 (Ben and Park, 2013)
and chapter 4 (Ben et al., 2013).
1.2.2 Optical Eects on the Mechanical Properties of Nanostructures
In this Ph.D. work, more eorts are devoted to investigating the reverse optome-
chanical coupling, which leverages the unique surface plasmonic properties of FCC
metal nanostructure to tune its mechanical properties. This unusual reverse coupling
was demonstrated in the work by (Zhao et al., 2009) for semiconductor ZnO nanos-
tructures, in which they found that, as shown in Fig.13, ZnO nanobelts exhibited
signicant elastic stiening as measured using nanoindentation if illuminated by light
with a photon energy that exceeds the 3.34 eV band gap of ZnO.
For FCC metallic nanostructures, the equivalent eect has not been studied. The
external electrostatic eld on metallic nanostructures can induce a charge and dipole
at each atom in the structure, due to the movement of free electrons with the incoming
eld. From classical physics, additional forces between atoms are present through
8Figure 13: Reverse optomechanical coupling in ZnO nanostructures.
Image from (Zhao et al., 2009).
charge-charge, charge-dipole, dipole-dipole, charge-electric eld and dipole-electric
eld interactions, in addition to the mechanical interaction of metallic atoms through
the description of an embedded atom (EAM) potential (Zheng and Zhu, 2006). This
question of electric eld-induced eects on the elastic properties of nanostructures
has driven research by various groups, though the majority of the existing work
has been done on carbon nanotubes (Purcell et al., 2002). But, how the intrinsic
interaction (electrostatic force), among atoms impacts the mechanical properties of
the metallic nanostructure under dierent static electric elds, have not been explored
extensively (Zhu and Zheng, 2010), particularly not through a realistic atomic model
that takes account for surface, axial orientation, and surface and bulk polarization.
Besides, if the nanostructure is being stimulated by optical eld (i.e. electromag-
netic wave), instead of electrostatic eld, the metallic nanostructure is expected to
exhibit LSPR at a certain frequency, depending on its shape, material, surrounding
9environment (Barnes et al., 2003; Ozbay, 2006; Anker et al., 2008; Kelly et al., 2003;
Murphy et al., 2005; Catchpole and Polman, 2008) .
At the same time, the mechanical properties of metallic nanostructure are altered
by this external electrodynamic excitation. The induced dipole and charge on each
atom bring in additional interaction forces between atoms through the long-range
electrodynamic force. At the LSPR frequency, the atoms in the structure react res-
onantly with external electrodynamic eld (Barnes et al., 2003; Ozbay, 2006; Anker
et al., 2008; Kelly et al., 2003; Murphy et al., 2005; Catchpole and Polman, 2008). In
this work, the electrodynamic interaction among atoms is termed the optical force,
where "optical" means the eects due to an oscillating electric eld. It will be shown
that the optical force is greatly amplied when LSPR condition is met. These dif-
ferences in mechanical properties, resulting from the optically induced polarization-
strain coupling, have not been quantied for surface-dominated nanomaterials, where
the mechanical bond strength and the optical polarization of surface atoms is already
known to be substantially dierent as compared to atoms that lie within the bulk
material.
Optical manipulation of gold nanoparticles is gaining great attention due to their
broad applications in nanomateiral and nanotechnology (Anker et al., 2008; Xu et al.,
2000; Nie and Emory, 1997; Kneipp et al., 1997; Park et al., 2013; Raschke et al.,
2004; Malinsky et al., 2001; Sokolov et al., 2003; El-Sayed et al., 2005). Most research
is focused on optical trapping (Svoboda and Block, 1994; Juan et al., 2011; Volpe
et al., 2006) or guiding nanoparticles through adoption of SPR (Xu and Kall, 2002;
Righini et al., 2007), since metallic nano particles have high polarizability and are able
to support SPR. The strong interaction at SPR condition should enhance the optical
force between nanostructures. However, the research eorts are mainly focusing on
the optical force between individual nanostructures (Woolf et al., 2009) and each
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nanoparticle experiences optical force and reacts to this force.
But this work is interested in going deeper into the atomic scale of the nanos-
tructure, i.e. nanowires. In this case, the smallest units the optical forces are acting
on is atoms, instead of nanoparticles. Each atom experiences optical force, due to
the atomic dipole charge interactions, and this force shall become maximized around
LSPR frequency. How this internal optical force of an individual structure alters
its mechanical property is of great signicance, since experimental study of nanos-
tructure is often done under electric eld or electromagnetic eld, and this reverse
optomechanical eect has been observed in ZnO (Zhao et al., 2009). It is important
for researchers to have insights in mind as to what the measurement results repre-
sent, how to analyze them, and what proper conclusion could be inferred from the
observations. This systematic study on optical force eects on mechanical property
should provide as a comprehensive guidance in this eld.
To study how the electrostatic, or oscillating optical elds change the mechanical
properties of metallic nanostructure (nanowires), this work starts with analyzing the
electromagnetic energy of the nanosystem (Jensen and Jensen, 2009), and follows
the classical electrodynamic theory to derive the optical force on each atoms. This
force eld is then applied in Molecular Dynamics static energy minimization with
mechanical EAM potential to investigate the phenomenon (Daw and Baskes, 1984;
Foiles et al., 1986). Theoretical and computational implementation is addressed in
Chapter 2, and key ndings in how static eld and optical eld impact the mechanical
property of naonclusters are summarized in Chapter 5 (Ben and Park, 2014) and 6
respectively.
1.3 Major Contributions
The unique and signicant contributions of this Ph.D. work are summarized here.
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Regarding the forward coupling, this work applied a waveguide model and in-
corporated in the strain dependent dielectric response to study the surface plasmon
propagation length of gold nanowires, which promises signicant enhancements on the
propagation lengths through uniaxially stretching the gold nanowire (Ben and Park,
2013). Furthermore, this work also goes beyond the continuum theory to develop and
utilize the atomic electrodynamic model to study the optical property of nanoclusters
with dierent surface orientations and internal, or specically planar defects, which
cannot be done using standard classical continuum models (Ben et al., 2013).
For the reverse coupling, this work successfully coupled the electrostatic force
to the mechanical force, and studied the reverse coupling eect of the electrostatic
eld on the mechanical properties of metallic nanowires. Built upon the electrostatic
coupling study, this thesis also successfully expanded from the static model and de-
veloped the analytical form of the frequency dependent atomic optical force under
electrodynamic excitation (Ben and Park, 2014). Further, this work implemented the
coupled computation of the optical force based on GPU with the mechanical force
from EAM potential based on CPU, which enables the novel study of the frequency
dependent mechanical property of metallic nanowires. Finally, this project system-
atically analyzed the interaction of external electrodynamic eld and the intrinsic
interatomic mechanical potential, and how the size, cross-sectional dimension, aspect
ratio, external eld frequency and intensity could potentially modify the nanowire
Young's modulus.
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Chapter 2
Theoretical and Computational
Methodologies
The content that appears in this chapter has been largely adapted from the following
publications and manuscripts:
 X. Ben and H.S. Park. \Surface Plasmon Resonance-Induced Stiening of Silver
Nanowires," Scientic Reports, submitted, 2015.
 X. Ben and H.S. Park. \Atomistic Simulation of Electric Field Eects on
the Youngs Modulus of Metal Nanowires," IOP Nanotechnology, 2014. DOI:
10.1088/0957-4484/25/45/455704
 X. Ben, P Cao and H.S. Park. \The Eect of Planar Defects on the Optical
Properties of Silver Nanostructures," Journal of Physical Chemistry C, 2013.
DOI: 10.1021/jp404141k
 X. Ben and H.S. Park. \Strain Engineering Enhancement of Surface Plasmon
Polariton Propagation Lengths for Gold Nanowires," Applied Physics Letters,
2013. DOI:10.1063/1.4790293
In this section, theoretical approaches, either analytical or numerical methodolo-
gies, are introduced to study the opto-mechanical coupling eects on dierent sce-
narios. Computation has played a key role in elucidating the factors that control the
LSPR wavelengths and optical properties of the nanostructures. For example, the
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discrete dipole approximation (DDA) (Draine and Flatau, 1994) has been one of the
most widely used computational techniques to study the optical properties of metal
nanostructures (Kelly et al., 2003; Brioude et al., 2005; Jain et al., 2007; Jain et al.,
2006; Hao and Schatz, 2004; Lee and El-Sayed, 2006; Myroshnychenko et al., 2008).
Other popular approaches to calculating the optical properties of metal nanostruc-
tures include the nite dierence time domain (FDTD) method (Yee, 1966; Oubre
and Nordlander, 2004; McMahon et al., 2009), volume integral methods (Kottmann
and Martin, 2000), and nite element methods (Volakis et al., 1994).
Here, rst, an analytical approach from a continuum perspective to describe the
optical response of nobel material is presented, which can be incorporated to a waveg-
uide model to study the propagation of optical signal in the metallic nanowires. Cou-
pled to modulated optical response under uniaxial stretching, this waveguide model
can theoretically capture how potentially the mechanical strain can reduce the en-
ergy loss and enhance the optical signal transfer in the nanowires. Secondly, also the
most important contribution of this Ph.D. work, the computationally atomic electro-
dynamic methodology, is described, which is particularly powerful in capturing the
impact of atomic scale defects on the optical responses (forward coupling case) and
induced optical forces among atoms, as compared to conventional continuum nite
dierence methodologies.
2.1 Waveguide and Dielectric Response under Deformation
The phenomenon capable of being captured in this model is the change in lattice
spacing, and thus electron density, that occurs for both the free and core electrons
as a result of axial strain-induced stretching of the gold nanowires (Qian and Park,
2010a; Qian and Park, 2010b; Park and Qian, 2010).
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2.1.1 Material Property Modication under Axial Stretching
The optical response of metal nanostructures is often modeled using the bulk Drude
model for the free electrons in the conduction band (Bohren and Human, 1983)
and a core term to account for the contribution of bound electrons. The resulting
dielectric function (!) that emerges is
(!) = core(!) + free(!)  1; (2.1)
where the free electron term is expressed as Drude model,
free(!) = 1 
!2p
!(! + i)
; (2.2)
and where !p = (ne
2=0meff ) is the plasma frequency, n is the electron density, meff
is the eective mass, and  is the collision frequency, which is related to electron
scattering processes. core accounts for interband losses, and is related to the core-
electron polarizability, and thus the core electron density.
For the strain-induced modication of the core electron term, it is assumed (Sturm
et al., 1990) that the core polarizability core(!), which is dependent on the atomic
localized orbitals, is assumed to be unchanged by mechanical strain (Lerme et al.,
2001). Thus, an axial strain  only adds a perturbation to the core electron density
nc, which in turn changes core. Because of this, core electron permittivity as a
function of uniaxial tensile strain  could be written as
core(!; ) =
(1 + )(core(!) + 2) + 2(core(!)  1)
(1 + )(core(!) + 2)  (core(!)  1) : (2.3)
Because the deformation in the nanowires is predominately axial, this work ignored
dimensional changes of the nanowire in the transverse directions.
Treating strain eects on the free electron term is considerably simpler (Cai et al.,
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2001). Specically, an increase in the lattice constant decreases the free electron
density n, and thus the plasmon frequency. For FCC metals under uniaxial tensile
strain ,
!p() =
4e2
0meffa03(1 + )
; (2.4)
where e is the electric charge and a0=4.08A is the bulk lattice constant for gold.
Before introducing the analytical waveguide model, the procedure used to calculate
the strain-dependent dielectric functions is summarized as in Eqs. (2.1)-(2.4), which
rst took the bulk dielectric constants obtained by (Johnson and Christy, 1972), and
calculated the free electron contribution free(!) using Eq. (2.2), with !p =
4e2
0meffa03
,
 = 1

. The parameters  = 9:3  10 15, the relaxation time for gold in seconds,
and the eective electron mass meff = 0:99m0, where m0 is the mass of an electron,
were again both obtained from the experimental work of (Johnson and Christy, 1972).
The lattice constant for gold was taken to be a0 = 4:08 A. Then the free electron
contribution free(!) is subtracted from the experimental data (!) using Eq. (2.1)
to obtain core(!). The strain-modications can then be performed using Eqs. (2.3)
for core(!), and putting Eq. (2.4) in Eq. (2.2) for free(!).
2.1.2 Analytical Model for Cylindrical Waveguide
A simple analytical waveguide model is applied to calculate the SPP propagation
lengths in gold nanowires (Wild et al., 2012). This model considers a circular nanowire
with innite length embedded in a homogeneous dielectric medium. It was also noted
(Wild et al., 2012) that although only the fundamental mode of the nanowire was
obtained, quantitative agreement was obtained between the analytic theory, numerical
nite dierence time domain (FDTD) simulations, and experiments. Because only
the lowest-order waveguide mode is considered, the propagation length is determined
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by solving the following equations (Pfeier et al., 1974; Wild et al., 2012)
(!; )
KR
J1(KR)
J0(KR)
=
d
KdR
H
(1)
1 (KdR)
H
(1)
0 (KdR)
; (2.5)
K2 =
(!; )!2
c2
  h2;
K2d =
d!
2
c2
  h2;
h = kspp + i;
Lprop =
1
2
;
where d is the dielectric constant of the surrounding medium, R is the radius of the
nanowire, c is the speed of light in vacuum, K and Kd are the wavevectors in gold and
the dielectric medium respectively, Ji are ordinary Bessel functions of order i, Hi are
Hankel functions of order i, and h, the complex propagation constant, is the quantity
important in solving for in order to obtain Lprop. The real part kspp of the propagation
constant h represents the oscillating wave, while the imaginary part  describes the
decay of the optical energy propagating along the nanowire. The above Eqs. (2.5)
make clear the dependence of the complex propagation constant h on the strain .
Readers are referred to (Wild et al., 2012) for details in choosing the solutions of the
above equations.
2.2 Atomic Dipole-Charge Model
While the standard numerical methods have led to many seminal and important con-
clusions about the optical properties, there exist two main issues that preclude the
application of existing numerical methods to the study of crystal defects on the opti-
cal properties. First, methods such as DDA and FDTD are both based on the bulk
dielectric function, i.e. the averaged atomic response of the material, and therefore
do not resolve the optical properties at the atomic scale. Second, most numerical
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techniques work by discretizing a three-dimensional volume into a collection of small
subdomains, or volumes. Because of this, they are generally unable to explicitly
represent the discrete atomic positions, and thus the exact microstructure, of a nano-
material. For example, in the DDA, the volume is meshed into a set of discrete
dipoles, which are constrained to sit on a regular, cubic grid. Because of this, the
positions of the dipoles do not correspond to the actual positions occupied by atoms
in an ideal FCC lattice. These render the study of optical property for nanoclusters
with defects particularly dicult.
Therefore, the atomic electrodynamic method recently developed by Jensen et
al. (Jensen and Jensen, 2008; Jensen and Jensen, 2009), is advantageous for the
research objective, because it considers the actual discrete positions of atoms in the
lattice, regardless of whether the positions are ideal, or correspond to those of a
particular defect. Furthermore, this model is based on the careful parameterization
of the atomic optical response.
2.2.1 Optical Response Based on Frequency-Dependent Dipole-Charge
Model
The atomic electrodynamic model adopted in the present work to calculate the op-
tical properties of small silver nanostructures was recently developed by (Jensen
and Jensen, 2008; Jensen and Jensen, 2009). It is an extension of the capacitance-
polarizability interaction model (CPIM) (Jensen et al., 2001), which utilizes a point
charge and dipole model to describe the interaction of the atoms with an external
electricmagnetic eld.
The model considers a silver cluster with N atoms, where each atom is character-
ized by a frequency dependent capacitance ci(!), described by a single Lorentzian
oscillator, and a frequency dependent polarizability i;(!), described by a two
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Lorentzian oscillators, i.e.:
ci(w > 0) = ci;s(1 +
w2i;1
w2i;1   w2   ii;1w
) (2.6)
i;(w > 0) = i;s;(
w2i;1
w2i;1   w2   ii;1w
+
wi;2(N)
2
wi;2(N)2   w2   ii;2w ) (2.7)
wi;2(N) = wi;2(1 +
A
N
1
3
) (2.8)
where ci;s = 2:7529a:u: is the static atomic capacitance, i;s; = 49:9843a:u: is the
static atomic polarizability, wi;1 = 0:0747a:u: and wi;2 = 0:0545a:u: are the oscillator
plasmon resonance frequencies, and i;1 = 0:0604a:u: and i;2 = 0:0261a:u: are the
oscillator widths. Size-dependency of the optical properties is introduced through
the size correction parameters wi;2(N), with A = 2:7759, which ensures that the
absorption peak red shifts with increasing cluster size, in agreement with experiments
and also time-dependent density functional theory (TDDFT) calculations. All of the
parameters in Eqs. 2.6-2.8 were optimized by (Jensen and Jensen, 2009) based on
TDDFT calculations for small silver nanostructures.
In the point charge-dipole model, each atom has a frequency (!)-dependent in-
duced atomic charge qindi (!) and dipole 
ind
i (!). Therefore the total energy of the
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system is written as (Jensen and Jensen, 2009)
V =
1
2
NX
i
qindi (!)q
ind
i (!)
ci(!)
+
1
2
NX
i
NX
j 6=i
qindi (!)T
(0)
ij q
ind
j (!) 
NX
i
NX
j 6=i
indi; (!)T
(1)
ij;q
ind
j (!) +
1
2
NX
i
indi; (!)
 1
i;(!)
ind
i; (!) 
1
2
NX
i
NX
j 6=i
indi; (!)T
(2)
ij;
ind
j; (!) +
NX
i
qindi (!)
ext
i (!) 
NX
i
Eext (!)
ind
i; (!)  (qcluster  
NX
i
qindi (!))
(2.9)
where T
(n)
ij are the interaction tensors of rank n, which are obtained using classical
electrodynamics, where retardation eects are ignored in this work due to the small
size (< 5 nm) nanostructures considered in this work. T
(0)
ij , T
(1)
ij;, T
(2)
ij; capture the
charge-charge, charge-dipole, and dipole-dipole interactions respectively. Eext and
exti are the external electric eld and potential, and  is a Lagrange multiplier to
ensure that the charge of the cluster remains constant. Furthermore, as originally
formulated by (Mayer, 2007), and later utilized by (Jensen and Jensen, 2009), the
interaction tensors are all normalized to eliminate the polarization catastrophe.
Minimizing the total energy V in Eq. 2.9 with respect to the induced atomic
charges, dipoles and the Langrage multiplier  leads to the following complex linear
equations in matrix form0@Eext(!)ext(!)
qcluster
1A =
0@ A  M 0 MT  C 1
0 1 0
1A0@ind(!)qind(!)

1A (2.10)
The interaction matrix on the right hand side of Eq. 2.10 is a full matrix comprised
of A, M and C, where the elements are dened using the interaction tensors T nij, i.e.:
Aij; =  T (2)ij;(i 6= j);Aii; = i;(!) 1 (2.11)
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Cij = T
(0)
ij;(i 6= j);Cii = ci(!) 1 (2.12)
Mij; = T
(1)
ij;(i 6= j);Mii; = 0 (2.13)
Inverting the full interaction matrix on the right hand side of Eq. 2.10 will lead to
the solution of induced dipole moments and charges for each atom, i.e.0@ind(!)qind(!)

1A =
0@ A  M 0 MT  C 1
0 1 0
1A 10@Eext(!)ext(!)
qcluster
1A (2.14)
=
0@B g h1gT D h2
hT1 h
T
2 h3
1A0@Eext(!)ext(!)
qcluster
1A (2.15)
It is important to note that all of the structural and geometric information for the
given nanostructure under consideration is contained in this (4N + 1) by (4N + 1)
matrix in Eq. 2.10, which captures both the atom type as well as the inuence of
the actual atomic positions, and thus enables us to study the eects of surfaces, and
other crystalline defects (dislocations, twins) on the resulting optical properties.
The frequency dependent molecular polarizability can then be quantied in terms
of the inverted interaction matrix as
mol (!) =
NX
i;j
(Bij;(!)  ri;Dij(!)rj;) (2.16)
where the imaginary parts of Eq. 2.16 directly relate to the absorption spectra of the
metal cluster as
(!) =
4!
c
Im[(!)] (2.17)
In all of the numerical results in Chapter 4, the absorption calculated is the average
of the three principal cross sections.
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2.3 Atomic Dipole-Dipole Model
The previously discussed charge-dipole model shows the capability of capturing the
frequency dependent optical responses of metallic nanostructures with dissimilar
atomic structures and internal planar defects, as will be presented in Chapter 4. How-
ever, this model is strongly dependent on the careful parametrization of the Lorentz
parameters from the DFT results, and lacks the robustness in applications to wider
frequency ranges. Furthermore, the charge-dipole model assumes a uniform polariz-
ability and capacitance for each atom in the nanosystem, which is inappropriate, due
to the loss of bonding neighbors for atoms at corners, surfaces, and edges that would
modify the electron distributions and therefore intrinsic responses of those atoms.
Thus, a more reasonable, stable and parametrization-free model is needed.
The idea underlying the "dipole-only model" comes from the underlying concept
of DDA, and the notion that each atom acts as a dipole (without net charge) with
a certain volume and carries a coordination-dependent polarizability. The concept
remains the same as DDA, however, here each atom carries a distinct polarizability.
Furthermore, the dipole position corresponds to the atomic position, while in DDA,
it is from a cubic mesh of the volume, where thus each dipole does not necessarily
correspond to an atomic position.
2.3.1 Atomic Electrodynamic Theory
When an electromagnetic eld interacts with a silver nanowire, a frequency-dependent
dipolar response is excited in each atom. These induced dipoles result in an optical
force that will either augment or oppose any mechanical force that is applied to probe
the mechanical properties of the nanostructure (Wang et al., 2007a; Wang and Devel,
2007). Furthermore, the polarization-induced optical force that results will likely be
at a maximum at the plasmon resonance wavelength, which will thus strongly impact
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the mechanical properties that are observed in the metal nanostructure through the
dipole-induced force coupling between the atoms.
The complete details are presented here for the coupled atomic, electromechanical
computational methodology utilized to study the eects of surface plasmon resonance
on the Young's modulus of silver nanowires. The model begins with a statement of the
total coupled electromechanical total energy, which must be frequency (!)-dependent
to account for the corresponding frequency dependent electrodynamic interaction due
to the dispersive nature of the material under the external electromagnetic radiation.
The coupled electromechanical energy is written as the sum of the mechanical and
electrodynamic energies as (Wang et al., 2007a; Wang and Philippe, 2009)
V total(rij; !) =
NX
i=1
NX
j=1
V elecij (rij; !) +
NX
i=1
NX
j=1
V mechij (rij); (2.18)
where N is the total number of atoms in the system and rij is the distance between
atoms i and j. The mechanical potential energy V mech, and the resulting interatomic
forces for silver is obtained using the well-established embedded atom (EAM) po-
tential (Foiles et al., 1986), which is known to accurately represent both the bulk
and surface properties for transition FCC metals (Wan et al., 1999). The bound-
ary value problem represented by Eq. (2.18) is that of solving for the atomic bond
lengths rij that minimize the total energy V
total for a nanostructure that exhibits a
frequency-dependent response to an externally applied electrodynamic eld.
2.3.2 Optical Force
The calculation of the electrodynamic energy and forces is less standard, and is based
upon the recently developed atomic electrodynamic model of Jensen and Jensen (Jensen
and Jensen, 2008; Jensen and Jensen, 2009), and as such complete details of this model
are given here. The model of Jensen and Jensen (Jensen and Jensen, 2009) is similar
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to the discrete dipole approximation (DDA) in certain ways (Draine, 1988; Draine
and Flatau, 1994), but is also dierent in important ways. Like the DDA, as will
be described below, the Jensen model calculates the electrodynamic energy based on
interactions between induced dipoles using expression from classical electrodynamics.
However, unlike the DDA, in which dipoles are associated with cubic grid points that
generally do not coincide with atomic lattice sites, in the Jensen model the dipoles
are associated with actual atomic positions. Furthermore, unlike the assumption of a
uniform dipolar polarizability in the DDA, the Jensen model accounts for variations
in the polarizability through the notion of coordination number, or the number of
nearest neighbors for a given atom. Because atoms that lie at or near the surfaces
of a nanostructure have a dierent coordination number than do atoms within the
bulk, this eect on the resulting atomic polarizability is naturally captured within
the Jensen model (Payton et al., 2012), as will be detailed later.
In this model, an atomic polarizability is associated with each atom and calculate
the induced dipole for each atom self-consistently through their interactions with each
other as well as the externally applied electrodynamic eld using the relationships of
classical electrodynamic.
In considering the eects of the frequency dependent response of a metallic nanos-
tructure excited by electromagnetic eld, there are some distinctions in the model-
ing that occur as compared to the application of a static electric eld. First, the
atomic polarizibilities are frequency dependent, which reects the dispersive nature
of a metallic material. Second, the electrostatic approximation is utilized in the sim-
ulations by assuming that the electric eld is uniform across the nanowire, such that
there are no retardation eects. This approximation is valid since the nanowire diam-
eter d is very small compared to the wavelength of incident electromagnetic radiation
(d ). However, due to the oscillating nature of the incident electromagnetic wave,
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the observable results should be a time-averaged value, resulting in an additional 0:5
factor coming from the time-average.
In the atomic electrodynamic model, each atom has an induced frequency-dependent
atomic dipole indi (!), therefore the total electrodynamic energy of the nanosystem
can be written as
V elec =  1
2
NX
i
NX
j
indi; (!)T
11
ij;
ind
j; (!) 
NX
i
Eext (!)
ind
i; (!) (2.19)
where for a nanostructure in vacuum surroundings, T 11ij; is the dipole-dipole interac-
tion tensor shown in Eq. (2.20), which, similar to the discrete dipole approximation
(DDA), is obtained from classical electrodynamics (Mayer, 2007). Eext(!) is the ex-
ternal electric eld, and the interaction tensors Tij are normalized to eliminate the
polarization catastrophe (Mayer, 2007).
T 11ij (rji) = rjT 10ij (rj   ri) =  rirjT 00ij (rji)
T 11ij (rji) =
1
40
3ri;j 
 ri;j   r2i;jI
r5i;j
[erf(
ri;j
R
)  2p

ri;j
R
e (ri;j=R)
2
]
  1
40
4p

1
R3
ri;j 
 ri;j
r2i;j
e (ri;j=R)
2
(2.20)
It should be mentioned that, similar to previous works using this and related atomic
electrodynamics models (Mayer, 2007), R is dened to be the width of the Gaussian
distribution of the dipole for each atom to avoid the so-called polarization catastrophe,
where R =
q
R2i; +R
2
j; corresponding to the two atoms involved in the interaction.
The dipole for each atom is obtained self-consistently by taking the derivative of
Eq. (2.19) with respect to the induced dipole ind(!), giving the following set of
linear equations
 
ind(!)

=
 
(T 11)3N 3N
 1   Eext(!) (2.21)
=
 
T
 1   Eext(!)
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Once the induced dipole on each atom ind(!) is obtained from Eq. (2.21), the
total electrodynamic energy of the system is written as
V elec =  1
2
NX
i
Eexti; (!)  i;(!) (2.22)
where  are the atomic dipoles obtained through solving Eq. (2.21). The electrody-
namic force on each atom can be obtained by dierentiating the total energy in Eq.
(2.22) with respect to the atom positions to yield
 !
F eleck =  rkV elec =  rk[ 
1
2
NX
i
 !
E exti (!)   ! i (!)]
=
1
2
NX
i
(rk 
 ! i )
 !
E exti (!) +
1
2
NX
i
(rk 
 !E exti ) ! i (!)
(2.23)
Also for the optical force, the dipoles are frequency-dependent, and the force and
energy must be written in time-averaged form, which results in an additional factor
of 0.5 for both the total energy and force, as compared to the electrostatic case. It
is worth mentioning that all previous works using the atomic electrodynamic model
have used only the energy, as a coupling to the mechanical behavior has not been
considered for plasmon resonant nanostructures, and thus the force expression given
in Eq. (2.23) is new. The coupling of static electric elds to the mechanical response
of carbon nanostructures has previously been performed by Wang, Devel et al. (Wang
et al., 2007a; Wang and Devel, 2007; Wang and Philippe, 2009).
2.3.3 Coordination Dependent Polarizability
Having derived the expression for the electrodynamic force in Eq. (2.23), the thesis
can now begin to discuss the material model used in conjunction with the Jensen
and Jensen model. As previously mentioned, a key modication to the atomic elec-
trodynamic model presented above is to account for nanoscale surface eects, where
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atoms that lie at corners, surfaces and edges have a dierent coordination number (i.e.
number of bonding neighbors) than do bulk atoms, which will impact their dielectric
response and dipolar polarizability. These eects are captured in the present work by
adopting the method rst proposed by Payton et al. (Payton et al., 2012) To do so,
it is useful to bring up the Clausius-Mossotti relation calculates the polarizability as
 =
3V
4
  0
+ 20
(2.24)
where V = 8R3 is the cubic eective volume of the atom based on the atomic van
der Waal radius,  is the dielectric constant of silver and 0 is the dielectric constant
of the environment. Therefore, the polarizability can be written as
 =
6

R3
  0
+ 20
(2.25)
where the eective radius for each atom is given by
R = Rsurf (1 X) +XRbulk; (2.26)
where
X =
MIN(CNm; CNmax)
CNmax
(2.27)
Here CNmax = 12, is the maximum coordination number of silver, or the maximum
number of nearest neighbors in an FCC crystal, and CNm is the eective coordination
number for atom m, which is calculated as
CNm =
NX
n 6=m
fc(jrmnj); (2.28)
fc(jrmnj) =
8<:
1 if jrmnj < jrminj
1
2
(1 + cos jrmnjjrmaxj jrminj) if jrminj 5 jrmnj 5 jrmaxj
0 if jrmnj > jrminj
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which connects the atoms inside and outside of the coordination sphere smoothly,
while accounting for the non-bulk atoms as compared to the bulk coordination number
of 12.
The dielectric constant is taken from the experimental values of Johnson and
Christy (Johnson and Christy, 1972), with the drude part modied as (Payton et al.,
2012)
 = exp   drude + drude(X; a);
drude = 1:0 
!2p
!2 + i!
;
drude(X) = 1:0  !p(X)
2
!2 + i!((X) + 0:25F=Leff )
;
Leff = 4
V
S
!p(X) = !surf (1 X) +X!bulk;
p(X) = surf (1 X) +Xbulk
(2.29)
where the parameters provided by Jensen (Jensen, 2013) are Rsurf = 1:65A, Rbulk =
1:56A, rmin = 3:0A, rmax = 5:0A, 0 = 1:0, !surf = 22:0eV , !bulk = 9:6eV , bulk =
0:0228eV , surf = 2:0eV .
To verify the applicability of the atomic electrodynamic model (AEM), compar-
isons of the simulation results of AEM to a well-established numerical technique for
the optical properties of metal nano clusters, the DDA (Draine and Flatau, 1994),
were performed and results are presented here.
The same experimental dielectric constants for silver of Johnson and Christy (John-
son and Christy, 1972) was utilized and was size-modied for surface damping (Coro-
nado and Schatz, 2003), to eliminate all dierences between the AEM and DDA
methods except for the meshing dierence discussed above. As can be seen in Fig.
(21), the extinction response for a 2x2x2 nm3 nanocube is quite similar between the
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Figure 21: Calculated extinction prole for 2x2x2 nm3 nanocube
using DDA and atomic electrodynamic method.
DDA and AEM. The dierences can be accounted for by: (1) The meshing of the
dipoles, as previously described, and (2) The atomic dipole volume, which manifests
itself through the parameter Rbulk, as shown in Eq. (2.26). This parameter was t
by Jensen using a dipole-only model (Jensen, 2013) based on the extinction spectra
of very small (i.e. < 100 atoms) nano particles.
This Rbulk value is dierent from the volume parameter that is used in the DDA.
In the DDA, the volume parameter of each dipole is dependent on how many dipoles
are used to mesh the nanostructure. The extinction spectra shown in Fig. (21)
was obtained using a 16x16x16 mesh of dipoles for the 2 nm cube, so the volume
parameter, or the radius of the dipole is 2 nm/16/2=0.06 nm.
Overall, however, it can be seen that the atomic electrodynamic method gives
similar results to the DDA, and thus can be used reliably to calculate the optical
properties of the metal nanowires considered in the present work.
To conclude, the key modication to the atomic electrodynamic model presented
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above is to account for discrete nanoscale surface eects, where atoms that lie at
corners, surfaces and edges have a dierent coordination number (i.e. number of
bonding neighbors) than do bulk atoms, which will impact their dielectric response
and dipolar polarizability. These eects are captured in the present work by adopting
the method rst proposed by Payton et al. (Payton et al., 2012), with all details
given in the Supplemental Material, including the modications of the experimentally
measured dielectric function of Johnson and Christy (Johnson and Christy, 1972).
As discussed above, the optical forces are obtained based on Eq. (2.23), while
the mechanical forces are obtained using the EAM potential for silver (Foiles et al.,
1986). To implement this coupling, the optical forces were implemented in a stan-
dalone function that was called and used to augment the mechanical force during
each conjugate gradient iteration performed by the open source LAMMPS atomic
simulation code.
2.3.4 Implementation of AEM with GPU Computing and Lammps
The core challenge in the implementation of the model is a practical realization of
optical force computation, and how to couple the calculated optical force with me-
chanical force(standard results from open source LAMMPS) at every iteration during
the energy minimization analysis of the nanosystem.
The optical force calculation requires extensive computational work due to the
large, dense matrices that must be inverted. So successful implementation requires
eciency, here through optimizing the codes by replacing the hot spot (optical force
calculation) with high-performance-computing strategy. The solution for this chal-
lenge is rooted upon two groundworks. Firstly, C++ is used as basic scientic compu-
tation language, compatible with LAMMPS while maintaining the highest eciency.
Secondly, the multiple times of large complex matrix inversion and multiplications
benet from GPU based Lapack computing techniques. GPU is superb for data par-
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allelism, ideal for the application of large data sets with minimum dependence, high
number of arithmetic operations, high parallelism in computations (Nickolls et al.,
2008).
The hardware used for this project is Nvidia GPU models Tesla. The software
package CULA from EM Photonics is a GPU-accelerated linear algebra library for
NVIDIA CUDA-enabled GPUs. CULA is complementary to the BLAS1, BLAS2 and
BLAS3 functions that are included in NVIDIA's CUBLAS library. CULA makes
it easier to harness the power of NVIDIA GPUs for the fundamental linear algebra
operations (Humphrey et al., 2010) that are common to many science and engineering
applications, which oers us with great possibility to enhance the computational
eciency and performances.
To start accelerating LAPACK routines using NVIDIA GPUs, CULA oers de-
velopers two dierent data manipulation interfaces: the host interface and the device
interface. Simply put, the host interface works with data located in host memory, and
the device interface performs work on data already located on the GPU accelerator.
The host interface is simple to use and it requires no GPU programming experi-
ence. All initialization, memory management, and kernel invocation is managed by
the CULA library routines; no user interaction is required. CULA eciently trans-
fers data to the GPU, processes it and transfers the results back to the host. For
users concerned with transfer times, consider that most LAPACK functions grow
with O(n3) complexity, making the transfer times nearly negligible at even moderate
problem sizes.
When providing data to CULA routines, it is crucial to consider the manner in
which the data is stored in memory. In particular, there are two important require-
ments to ensure correct results: data must be in column-major order; complex data
must be interleaved. In the computer implementation performed for this thesis, the
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data is stored in column major form to save the eort of transposing matrixes.
For the coupling of mechanical and optical force, lammps library is incorporated
to facilitate the processes. Through x external command, it is possible to add ex-
ternal force, i.e. in this specic case, it is electrostatic/optical force, and external
energy to the mechanical force and energy on each atom. Then by calling minimize
command in our C++ code, lammps can automatically do minimization using the
total force(mechanical and optical) to nd the local minimum of the nano system.
CPU is the host of the whole simulation. GPU only does the optical force com-
putation. A C++ umbrella code was written to initialize the simulation box through
lammsp library, and call a standalone function code to compute optical force (using
GPU and the CULA library), while calling lammps library command to nd me-
chanical force. Finally the driver code calls the lammps "minimize" command to do
energy minimization using the congugate gradient method.
Then the whole implementation is strategically realized on the SCC (Shared Com-
puting Center), where multiple simulations can be run simultaneously through many
nodes with GPU hardwares.
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Figure 22: The ow chart of optomechanical coupling simulation
implementation.
33
Chapter 3
Strain Engineering Eects on SPR
Propagation Lengths for Gold NWs
The content that appears in this chapter has been largely adapted from the following
publication:
 X. Ben and H.S. Park. \Strain Engineering Enhancement of Surface Plasmon
Polariton Propagation Lengths for Gold Nanowires," Applied Physics Letters,
2013. DOI:10.1063/1.4790293
For this part of the Ph.D. work, an analytical waveguide model in conjunction with
strain-induced variations in the core and free electron densities have been utilized
to demonstrate that substantial enhancements in the surface plasmon propagation
lengths in gold nanowires at optical frequencies can be achieved through application
of uniaxial mechanical strain. The substantial reduction in energy loss is found to
be due to the reduction in core electron density, and results in a size-independent
propagation length enhancement as a function of applied tensile strain. The present
results provide a dierent avenue of exploration in order to achieve eective signal
transfer at optical frequencies.
3.1 Motivations in Applying Strain on Metallic Nanowires
Surface plasmons (SPs) are associated with the collective motion of electrons, and
exist at a metal-dielectric interface for metals such as gold and silver (Maier, 2007;
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Weeber et al., 2003; Novotny and Hecht, 2006). Surface plasmon polaritons (SPPs),
which are the coupled excitations of photons and SPs at a metal surface, and thus
concentrate electromagnetic energy at the nanometer scale, are one solution to over-
coming the diraction limit (Gramotnev and Bozhevolnyi, 2010; Bozhevolnyi, 2008).
Importantly, SPPs may allow the development of optical devices that can carry and
control light signals to dierent parts of a nanophotonic circuit on a sub-wavelength
scale (Barnes et al., 2003; Bozhevolnyi et al., 2006; Boltasseva et al., 2005; Oulton
et al., 2008; Liu et al., 2005; Nikolajsen et al., 2004; Tanaka and Tanaka, 2003).
However, the electromagnetic energy conned at the metal-dielectric interface ex-
hibits an exponential decay in the direction of SPP propagation, which limits the
maximum propagation length of light for subwavelength guiding. Therefore, one fun-
damental issue that must be overcome for SPP-based nanophotonic circuits is losses
associated with this resistive heating in metals. In particular, the high propagation
losses related to SPPs at optical frequencies pose a substantial hurdle for SPP-based
devices for subwavelength optical signal processing (Leosson et al., 2006).
One approach to reducing the resistive heating losses that arise from the imaginary
portion of the dielectric function, and thus increasing the propagation length, is to
reduce the loss inside a metallic material. For example, a metal-air-substrate structure
can be adopted because a large portion of energy is conned in the substrate, in
which case no signicant propagation loss will occur in the metal (Zou et al., 2010).
Alternatively, waveguide structures have recently been developed with the underlying
idea of achieving a longer SPP propagation length (Manjavacas and Garcia de Abajo,
2008; Maier et al., 2002). However, these approaches to reducing losses typically come
with a lower degree of energy connement.
Therefore, intrinsic losses in the metal are the dominant factor causing SPP prop-
agation losses in metal nanowires, with scattering or surface damping a minor con-
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tributor. If larger optical signal transfer lengths are desired without losing strong
eld localization, one must take a fundamental approach to reducing the loss of the
metal while still keeping it metallic. For example,researchers (Khurgin and Sun,
2010) recently proposed that metals could become lossless in the mid-IR or higher
wavelengths if the lattice spacing in the metal is doubled. However, it appears to be
dicult at present to design metals with such requirements on their lattice spacing.
Because of this, here a dierent approach to reducing the losses in gold nanowires
due to changing the lattice spacing is presented - that of applied tensile mechanical
strain. While gold is intrinsically more lossy than silver, particularly at optical fre-
quencies (Solis Jr et al., 2010), it is studied more widely because silver is chemically
unstable at ambient conditions (Wild et al., 2012). This part of the work demon-
strates that changes in the core electron density due to applied tensile strain enable
substantial enhancements in the SPP propagation length at optical frequencies. The
present work thus provides a dierent perspective in designing and fabricating gold
nanoplasmonic devices to support ecient optical signal transfer.
3.2 Propagation Enhancement through Uniaxial stretching
Gold NWs
Because gold nanowires with radii ranging from 20-100 nm are considered in this work,
it is safe to apply the above modications to the free and core electron densities based
on classical theories. Also it is important to point out that these nanowire sizes are
also large enough such that surface damping eects (Coronado and Schatz, 2003)
and quantum eects can safely be neglected. The tensile elastic strains considered
here range from 1-5%. These values were considered as they have been achieved both
experimentally (Yue et al., 2011; Seo et al., 2011; Richter et al., 2009), and also in
classical molecular dynamics simulations of metal nanowires (Leach et al., 2007; Park
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Figure 31: SPP propagation length improvement factor  for circular
gold nanowires of diameter 120 nm under axial tensile strains ranging
from 1% to 5%.
and Zimmerman, 2005; Park et al., 2006) without the onset of yield, and thus the
nucleation and propagation of planar defects such as dislocations or twins.
It is shown here the results obtained using the analytical waveguide model in Eq.
(2.5) along with the strain-modied dielectric functions in Eqs. (2.3) and (2.4) to
examine the enhancement in SPP propagation length in gold nanowires.
To quantify the eectiveness of the applied strain in changing the SPP propagation
lengths, a quantity  is introduced and named as the propagation length enhancement
factor:
 =
Lstrainprop   Lprop
Lprop
; (3.1)
where Lstrainprop is the SPP propagation length when tensile mechanical strain is applied,
and Lprop is the propagation length without strain.
Fig. (31) presents the strain-dependence of the SPP propagation length enhance-
ment for a gold nanowire of diameter 120 nm for uniaxial tensile strains ranging from
1-5%. This shows that there is a consistent increase in  as the tensile strain increases,
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Figure 32: Maximum SPP propagation length improvement factors
 for circular gold nanowires with radii from 20 to 100 nm under axial
tensile strains from 1% to 5%.
and that the SPP propagation length enhancement reaches a maximum for all strains
around a wavelength of =540 nm. Because the enhancement factor  was calculated
from the experimental values of (Johnson and Christy, 1972), an estimation of the
error was performed for  at each level of strain, and it is found that the maximum
error in  at its maximum value (i.e. around 540 nm in Fig. (31)( for any strain
level is smaller than 2%. While the error is larger at other wavelengths due to the
increase in experimental error (Johnson and Christy, 1972), the peak enhancement is
our primary interest in this work, and therefore the trends reported in this work are
unaected.
Results shown in Fig. (32) quanties the dependence of the maximum SPP
propagation length enhancement  as a function of applied tensile strain . Therefore,
for a range of nanowire radii from 20-100 nm, the enhancement is linear as a function
of strain, and the dierence in maximum enhancement shows only a small reduction
as the nanowire diameter decreases, i.e. that the strain-induced enhancement in SPP
propagation length is essentially size-independent.
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3.3 Discussion
To gain further insights as to whether the core or free electron density reduction
is responsible for the observed SPP propagation length enhancement, a systematic
study is performed to separate the two eects, for which the results are shown in Fig.
(33). As shown in Fig. (33), the reduction in the core and free electron densities does
not mean both contribute in a positive fashion in reducing the SPP propagation loss.
For the optical frequency range shown in Fig. (33), the reduction in core electron
density can be seen to strongly reduce the intrinsic metallic losses, thus increasing the
SPP propagation length, with an increase in enhancement with strain. In contrast,
a reduction in the free electron density, as described by the classical drude model,
works in the opposite fashion, where the SPP propagation length is decreased with
increasing strain. While the free electron density reduction results in a decrease in
propagation length, the magnitude of the decrease is small compared to the increase
resulting from the decrease in the core electron density, and therefore the overall
eect of strain and electron density reduction is positive. These results are similar to
those previously found for strain eects on the localized surface plasmon resonance
wavelength for gold nanospheres, in which under symmetric stretching, the reduction
in core electron density blue shifted the plasmon resonance wavelength, while a red
shift was predicted due to a decrease in the free electron density (Qian and Park,
2010a).
An alternative explanation for the strain-induced SPP propagation enhancement
in gold can be obtained by considering both the eects of intrinsic absorption, as
well as the oscillation strength of SPPs. Specically, the decrease of the free electron
density induced by stretching the gold nanowire leads to relatively weaker collective
oscillations of the free electrons, and as a result, the SPP excitation strength under
visible light is weaker than would be for unstrained nanowires. From this point of
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Figure 33: SPP propagation length enhancement factors for circular
gold nanowires with radius 60 nm under tensile strains ranging from
1% to 5%. (a) Free electron-induced enhancement drude, which was
calculated by modifying Eq. (2.4) for dierent tensile strains . (b)
Core electron-induced enhancement core, where core =    drude.
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view, it is expected that a reduced SPP propagation length due to a decrease in the
free electron density. On the other hand, the interband transition losses in the visible
spectrum around 500 nm (West et al., 2010) are relatively large for gold, particu-
larly as compared to silver. The energy band formed by the core electrons, which is
accounted for in the core dielectric term, is minimally altered by the tensile strain.
Therefore, the reduced core electron density implies that fewer electrons jump from
the d-band to the sp-band, resulting in the occurrence of fewer interband transi-
tions, which greatly lowers the absorption of the gold nanowires. The overall eect
is, as previously discussed, an improvement in the eciency for SPP propagation for
wavelengths around 540 nm.
It is also worth noting that silver is an optically superior metal to gold at optical
frequencies due to having lower interband transition losses. Because this proposed
elastic strain engineering strategy succeeds by greatly reducing the interband losses
in the core dielectric term, a signicant enhancement for the SP propagation length
due to strain is not expected for silver.
3.4 Conclusion
A new perspective, that of elastic strain engineering, is presented here to reducing
the intrinsic losses in a metal for subwavelength optical signal processing. By using
a simple, analytical waveguide model, it is demonstrated that application of uniaxial
tensile strains below the yield strain of gold nanowires results in substantial increases
of more than 70% in the surface plasmon polariton propagation lengths at optical
frequencies. The enhancement is primarily due to a reduction in the core electron
density, and is found to be size-independent for a wide range of nanowire diameters,
while exhibiting a linear dependence on the applied tensile strain.
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Chapter 4
Eects of Planar Defects on Optical
Properties of Silver Nanocube
The content that appears in this chapter has been largely adapted from the following
publication:
 X. Ben, P Cao and H.S. Park. \The Eect of Planar Defects on the Optical
Properties of Silver Nanostructures," Journal of Physical Chemistry C, 2013.
DOI: 10.1021/jp404141k
A computational, atomic electrodynamics investigation of the eects of planar
defects on the optical properties of silver nanocubes is presented, where the planar
defects considered are dierent surface orientations, twins, partial dislocations and full
dislocations. Signicant results include that for nanocubes smaller than about 3 nm,
the optical response is very sensitive to the specic surface structure resulting from
the defects. However, the sensitivity, as measured by shifts in the plasmon resonance
wavelength, is strongly reduced at larger sizes, due to the decreasing importance
of surface eects, even when the majority of the atomic deformation due to the
crystal defects is contained within the interior of the nanocube. Overall, this study
suggests that the eects of individual crystalline defects on the optical properties of
nanostructures can be safely ignored for nanostructure sizes larger than about 5 nm.
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4.1 Motivations in Studying the Impact of Planar Defects on
Optical Property
The optical properties of small metal nanostructures have been investigated in great
detail over the past two decades, with most of the studies focusing on gold and
silver nanostructures. Specically, these two metals exhibit localized surface plas-
mon resonance (LSPR), which is a collective oscillation of the conduction electrons
when excited by electromagnetic radiation within the visible spectrum (Ozbay, 2006;
Barnes et al., 2003; Kelly et al., 2003). Because of this, they have been utilized for a
wide range of applications, including biosensing (Anker et al., 2008), single molecule
sensing and detection via surface enhanced raman scattering (SERS) (Kneipp et al.,
2006; Kneipp et al., 1997; Nie and Emory, 1997), photothermal ablation treatments
for cancer (Hirsch et al., 2006; Huang et al., 2006a), optical tagging and detec-
tion (Nicewarner-Pena et al., 2001; Mock et al., 2002), strain sensing (Stone et al.,
2007), metamaterials (Biener et al., 2008), and many others.
In conjunction with these fascinating applications and experiments, computation
has played a key role in elucidating the factors that control the LSPR wavelengths
and optical properties of the nanostructures. For example, the discrete dipole ap-
proximation (DDA) (Draine and Flatau, 1994) has been one of the most widely
used computational techniques to study the optical properties of metal nanostruc-
tures (Kelly et al., 2003; Brioude et al., 2005; Jain et al., 2007; Jain et al., 2006; Hao
and Schatz, 2004; Lee and El-Sayed, 2006; Myroshnychenko et al., 2008). Other pop-
ular approaches to calculating the optical properties of metal nanostructures include
the nite dierence time domain (FDTD) method (Yee, 1966; Oubre and Nordlan-
der, 2004; McMahon et al., 2009), volume integral methods (Kottmann and Martin,
2000), and nite element methods (Volakis et al., 1994).
However, one would experience considerable diculty in applying these methods
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to study the optical properties of metal nanostructures that contain planar defects,
and as a result, aside from a few studies (Hao et al., 2004; Oubre and Nordlander,
2004) that considered pinhole-type defects in metal nanoshells, the eect of planar
defects on the optical properties of metal nanostructures is largely unknown and
unresolved (Goubet et al., 2013).
However, defects are common in metal nanostructures. For example, in solution
phase synthesized pentagonal nanowires or nanorods, the pentagonal nanowire also
contains ve-fold twinned symmetry, with the twins meeting in the center of the
nanowire (Sun et al., 2003; Wiley et al., 2006). Similarly, researchers have recently
had success synthesizing small metal nanowires with diameters on the order of 2
nm (Huo et al., 2008; Lu et al., 2008). The mechanical properties of such small
nanowires are known to be controlled by their extensive surface area (Park et al.,
2009); however, it is not known how the discrete nature of dierent FCC surfaces, i.e.
f100g or f111g, impact the resulting optical properties. Finally, many small metal
nanoparticles are polycrystalline (Goubet et al., 2013). In all of these examples, the
ability to resolve the eects of the defects on the optical properties depends crucially
on having a computational method in which the discrete positions of all atoms are
explicitly represented.
Therefore, the recently developed atomic electrodynamic method (charge dipole
model) of Jensen (Jensen and Jensen, 2008; Jensen and Jensen, 2009) is utilized to
perform a systematic study of planar defects on the optical properties of small silver
nanostructures. This method is advantageous because it considers the actual discrete
positions of atoms in the lattice, regardless of whether the positions are ideal, or
correspond to those of a particular defect. Furthermore, this model is based on the
careful parameterization of the atomic optical response. Three fundamental types of
planar defects, i.e. surfaces, twins, and intrinsic stacking faults, are considered, and in
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each case, perform a comparison of the optical properties of the silver nanowire with
the planar defect to a pristine one of the same size and number of atoms. In doing
so, this work can delineate the eects of each planar defect on the optical properties,
and nd that surface eects dominate the optical response of nanocubes smaller than
about 3 nm, while the eect of defects disappears for nanocubes larger than about 5
nm. The results are explained via simple analytical models of surface electron density,
and also the relative polarizability of surface atoms as compared to those in the bulk.
4.2 Simulation Details
The atomic electrodynamic dipole charge model is adopted in the present work to
describe the silver nanostructures studied here, and in all of the numerical examples
below, the absorption is calculated as the average of the three principal cross sections.
Specically, silver nanocubes are investigated, with the majority of the studies per-
formed on those having a h100i axial orientation, with f100g surfaces, referred to as
a h100i=f100g nanocube. The focus is on these nanocubes with 2 nm cross sectional
length, though nanocubes of up to 5 nm cross sectional length are also studied to
discuss how surfaces, dislocations and twins impact the optical properties of larger
silver nanostructures. The nanocubes were created assuming ideal atomic positions,
i.e. with silver atoms lying in an FCC unit cell with the lattice constant of silver
being a = 4:09 A.
To study surface eects, it is considered a nanocube with the same h100i axial
orientation, but rotated 45 degrees about the axial axis in order to generate f110g,
and not f100g surfaces, as illustrated in Fig. (42)(b). This nanocube thus contains
four f110g surfaces, and two f100g surfaces. This type of conguration is referred to
this nanocube as a h100i=f110g nanocube.
Three types of defects aside from surfaces are studied: full dislocations, partial
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Figure 41: Energy minimized congurations for h100i=f100g
nanocube of size 2:04322:04322:0432 nm3 with a partial dislocation,
full dislocation and twinning fault, respectively. Atoms are colored by
potential energy after energy minimization. Unit is in eV.
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Figure 42: Equilibrium atomic positions for (a) h100i=f100g
nanocube with size 2:0432 2:0432 2:0432 nm3, and (b) h100i=f110g
nanocube with size 2:2000  2:0363  2:0363 nm3 after energy mini-
mization. Atoms are colored by potential energy. Unit is in eV.
dislocations and twins, all created in the h100i nanocube with f100g surfaces, as
illustrated in Fig. (41). Full dislocations were generated by dividing the atoms in
the cube into two groups by the center f111g plane, then shearing one group of atoms
with respect to the other by the standard full dislocation displacement of a
2
[101], where
a = 4:09 A is the lattice constant for silver. For the partial dislocation, the same
procedure was applied except with a dierent displacement of a
6
[112]. The twin fault
was generated by rst creating a single partial dislocation according to the procedure
just described, and then shearing an adjacent f111g plane by the same amount to
generate a twin fault.
For all of the above-mentioned structures (i.e. perfect h100i/f100g nanocube,
h100i/f110g nanocube, and h100i/f100g nanocube with dislocations and twins), the
resulting atomic positions is used as the input to determined the minimum energy
conguration via conjugate gradient energy minimization of each structure using the
open source simulation code LAMMPS (Lammps, 2006), using a realistic embedded
atom method (EAM) potential (Foiles et al., 1986) to model the interactions of the
silver atoms. A comparison between the h100i/f100g and h100i/f110g nanocubes
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after energy minimization is given in Fig. (42), while the h100i=f100g nanocube
with partial dislocation, full dislocation and twin are shown later. Typically, the
energy minimization results in a small contraction of the cube, which is consistent
with previous atomic simulations of FCC metal nanostructures which found that
surface atoms tend to contract towards the bulk in order to increase their electron
density (Park and Klein, 2007).
The atomic electrodynamic method was then run using the resulting energy mini-
mized atomic positions to calculate the optical properties. The full interaction matrix
can be generated using these atom positions, which is needed to calculate the dipoles
and charges in Eq. 2.14, which are then used to extract information about the ab-
sorption cross section via Eq. 2.17 for each cluster. Because some of the structures,
particularly those in which the nanocube is rotated to generate the f110g transverse
surfaces, have a slightly dierent number of atoms, this work has normalized all re-
sults for the absorption cross section by the total number of atoms in each structure
for consistency. Table. (4.1) shows the size, number of atoms, and number of atoms
for the h100i=f100g nanocube shifted due to the three crystal defectds (full and par-
tial dislocations, twin). It should be noted that for the larger nanocubes considered,
the same proportion of atoms were shifted in order to enable a consistent size eect
comparison.
Table 4.1: Dimensions of h100i nanocubes with f100g surfaces, with
total number of atoms NAtoms for each nanocube and the total number
of atoms Ndislocation shifted by the introduction of a dislocation (full,
partial, twin).
nanocube size NAtoms Ndislocation
h100i=f100g 2:0432 2:0432 2:0432nm3 665 378
The nanocube geometry was chosen for two main reasons. First, in the atomic
electrodynamic model for silver developed by (Jensen and Jensen, 2009), the model
was parameterized to be valid for incident energy values between about 2.4 and 4.8
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eV. This range of incident energy values limits the potential geometry that can be
studied to those that are more cubic, as larger aspect ratio geometries such as one-
dimensional nanowires would exhibit plasmon resonances at lower energies outside
the valid energy range for the atomic electrodynamic model due to the red shift
that occurs with increasing aspect ratio. Second, the cubic geometry enables us
to delineate the most important driving forces for the evolution of the plasmonic
response when dierent surface orientations and crystal defects are introduced into
the system. It is expected that the key ndings below will hold for other, more
complex nanostructure geometries, though the specic length scales at which the
transition from surface-dominated to bulk-dominated plasmonic response may vary
slightly depending on the specic geometry that is considered.
4.3 Numerical Results
4.3.1 Surfaces
This work rst analyzes the eects of changing the surfaces of the h100i nanocube
from f100g to f110g, where the results for 2 nm nanocubes are shown in Fig. (43).
Nanocubes of similar cubic size were considered in order to ensure that the optical
response reported here can be attributed to the dierences in discrete surface structure
of the nanocubes.
As shown from the averaged optical response spectrum in Fig. (43), the LSPR is
very sensitive to the discrete atomic structure of the nanocube. The two nanocubes
exhibit very dierent resonance behavior, LSPR position and absorption widths.
Specically, the LSPR frequency for the h100i=f100g nanocube is 0.4 eV higher than
the h100i=f110g nanocube (3.6 and 3.2 eV respectively), corresponding to a 43 nm
red shift, even though they are nanocubes of the same shape and size.
Before conducting a more rigorous analysis, it is instructive to rst compare the
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Figure 43: The absorption cross sections of 2:0432 2:0432 2:0432
nm3 h100i=f100g, and 2:2000  2:0363  2:0363 nm3 h100i=f110g
nanocubes. Values are averaged over the total number of atoms for
each nanocube.
Figure 44: The eective polarizability distribution for
h100i=f100gand h100i=f110g nanocubes with similar size, i.e.
2:0432  2:0432  2:0432 nm3 for the h100i=f100g nanocube, and
2:2000  2:0363  2:0363 nm3 for the h100i=f110g nanocube. Unit is
in a.u.
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mechanical potential energy of the nanocubes in Fig. (42) with the corresponding po-
larization distribution in Fig. (44). From the minimized energy congurations seen
in Fig. (42), it is clear that the corner, surface and edge atoms have a higher poten-
tial energy as compared to the bulk atoms for both the h100i=f110g and h100i=f100g
nanocubes due to their relative undercoordination as compared to bulk atoms, where
bulk refers to those atoms in the interior of the nanocube. Similarly, atoms at the
edges, surfaces and corners in Fig. (44) also have higher polarizabilities than the
atoms within the bulk. Therefore, it is the surface eects for these small nanocubes
that controls the polarizability distribution. Furthermore, because the individual
atomic polarizabilities determine the nanocluster polarizability and therefore the op-
tical response of the nanocube, it is safe to infer that it is the surface eects that
lead to the large dierence in the optical response of the nanocubes as shown in Fig.
(43).
Table 4.2: Decomposition of surface atoms into center, edge and cor-
ner for the f100g surface of a h100i=f100g nanocube.
h100i=f100g Nanocube
Surface Ncenter Nedge Ncorner Area(nm
2)
f100g 40 20 0 2:0432 2:0432
Table 4.3: Decomposition of surface atoms into center, edge and cor-
ner for the f110g and f100g surfaces of a h100i=f110g nanocube.
h100i=f110g Nanocube
Surface Ncenter Nedge Ncorner Area(nm
2)
f100g 36 24 4 2:0363 2:0363
f110g 24 20 4 2:2000 2:0363
More insights into the eects of surfaces on the LSPR can be obtained by com-
paring the free electron density at the surfaces for the two nanoclusters, because the
LSPR arises from the resonant oscillations of electrons in response to an external
electromagnetic eld. The incident eld shifts the negative charges collectively with
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respect to the positive ionic background, resulting in net negative and positive charges
at the opposite side of the particle (Willets and Duyne, 2007). It is this attraction of
the alternating charges that forms the restoring force, controls the eigenfrequency of
the oscillation and thus determines the LSPR frequency. Since the attraction mainly
comes from the net surface electrons, the restoring force is proportional to the surface
electron density, and the eigenfrequency should be proportional to the square root of
the surface electron density nsurf .
Here a simple analysis based on the surface structures of the two nanocubes is
performed, which only consider the contribution from the outermost layer of surface
for simplicity, which is shown to result in very good accuracy. For the h100i=f100g
nanocube, the surface electron densities are the same for each of the six f100g surfaces
and each atom contributes one free electron, and so the surface electron density is
simply the number of surface atoms divided by the surface area (i.e. the surface
atomic density). Assuming that the atoms at the center of each surface belong to
that surface, while the atoms at the edges are shared by two surfaces, while the
atoms at the corners are shared by four surfaces, the number of surface atoms is
Nsurf = Ncenter + Nedge=2 + Ncorner=4, then the average surface electron density is
nsurf = 1
3
( Nxy
dxdy +
Nyz
dydz +
Nzx
dzdx ). Details of the decomposition of surface atoms into
center, bulk and corner are given for the f100g and f110g surfaces in Table. (4.2)
and Table. (4.3), respectively.
For the h100i=f100g nanocube, the surface electron density is, following Table.
(4.2),nsurf1 =
40+20=2
2:04322:0432 = 11:9770 nm
 2. For the h100i=f110g nanocube, there are
two identical f100g and four identical f110g surfaces, which then following Table.
(4.3) leads to a surface electron density of nsurf2 =
1
3
( 36+24=2+4=4
2:03632:0363 + 2 24+20=2+4=42:03632:2000) =
9:1474 nm 2. Because the LSPR frequency is proportional to the eigenfrequency
of this oscillating spring induced by the restoring force, !res /
p
nsurf , leading to
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!1
!2
=
q
n1
n2
=
q
11:9770
9:1474
= 1:1442, in good agreement with our atomic electrodynamic
simulation results where !1
!2
= 3:6ev
3:2ev
= 1:1250. This again veries that the dierent
optical responses of the h100i=f100g and h100i=f110g nanocubes with similar size are
indeed controlled by their dierent surfaces.
The results agree with those of (Jensen and Jensen, 2008), who found that for
nanoclusters with less than around 700 atoms, most atoms have surface-like polariz-
abilities, and further justies our analysis of the surface electron density dierences
for the 2 nm nanocubes. However, this also suggests that because the nanocluster
polarizability can be distinguished into distinctive bulk and surface components at
larger sizes (Jensen and Jensen, 2008), that it is expected that the importance of the
surface eects to decrease at larger sizes; further detail shall be discussed in a later
section.
4.3.2 Partial Dislocations, Full Dislocations and Twins
A comparison of the optical absorption for all three defect cases,containing either
a single partial dislocation, full dislocation, or twin fault, to a perfect h100i/f100g
silver nanocube without any such defects is given in Fig. (45).
There are several common characteristics to note. First, as the severity of the
defect increases (i.e. from defect-free nanocube to those containing a partial disloca-
tion, full dislocation and twin fault), the absorption maximum decreases gradually.
Second, the defects result in a red shift of the LSPR frequency, where a summary
of the resulting LSPR wavelength for all of defects in the h100i/f100g nanocubes
considered is given in Table.(4.4). There, it is seen that the LSPR red shift due to a
single full dislocation and twin boundary is 31 nm, almost exactly double that of the
15 nm shift caused by a partial dislocation.
It is also of interest to compare the plasmon width (i.e. the full width at half
maximum) in Fig. (45) of the optical response for the same structure containing
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Figure 45: The absorption spectrum of h100if100g nanocube of size
2:0432 2:0432 2:0432 nm3 for perfect nanocube (black), partial dis-
location (blue), full dislocation (red), and twin (green).
dierent defects. For the defect-free h100i=f100g nanocube, the damping mechanism
is primarily due to the scattering of electrons at the nanocube surfaces. However,
when introducing a partial dislocation to the nanocube, there is an additional damping
eect caused by the scattering of electrons at the planar defect, due to the changes in
atomic bond length across the dislocation. Furthermore, there are additional surface
steps and corners due to the partial dislocation which further broaden the optical
spectrum. Additional broadening is observed for the full dislocation and twin fault due
to the increased damping eects as summarized in Table. (4.4), which demonstrates
that the atomic electrodynamic model can eectively capture the internal damping
and surface scattering caused by scattering of electrons on defects, and also on surface
boundaries and surface steps (Jacak, 2013).
To further quantify the dominant eect of surfaces on the variation in optical
properties seen in Fig. (45), the eective atomic polarizability for each atom is
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Figure 46: The eective polarizability distribution for
h100i=f100gnanocube of size 2:0432  2:0432  2:0432 nm3 with
partial dislocation, full dislocation and twinning fault, respectively.
Unit is in a.u.
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Table 4.4: LSPR frequency, wavelength, and width for 2:0432 
2:0432 2:0432 nm3 h100i=f100g nanocube with and without defects.
LSPR Frequencies for h100i=f100g Nanocube
h100i=f100g Perfect Partial Full Twins
LSPR Frequency 3.6 eV 3.45 eV 3.3 eV 3.3 eV
LSPR Wavelength 344 nm 359 nm 375 nm 375 nm
Plasmon Width 2.04 eV 2.15 eV 2.29 eV 2.39 eV
calculated, which is dependent on its position in the nanocube, as shown in Fig. (46).
It is found that all atoms within the bulk of the nanocube behave as bulk atoms (using
the denition in (Jensen and Jensen, 2008) that the ratio of the eective polarizability
to the bulk polarizability is less than 0.5), with no distinction between those atoms
sitting immediately around the defect (full dislocation, partial dislocation, twin fault)
and the other bulk atoms, where the number of bulk and surface atoms via the
polarizability criterion has been summarized in Table. (4.5) for the perfect nanocube
as well as all cases with defects. Specically, Table. (4.5) shows that the number
of surface atoms (as delineated by polarizability) increases as the defect severity
increases, which makes sense due to the additional surface steps and edges introduced
by the dislocations and twin faults. It is these additional surface atoms that result
in the LSPR shifts and the broadening of the resonance.
Table 4.5: Decomposition of atoms into bulk and surface via polariz-
ability criteria of (Jensen and Jensen, 2008), where the average eective
bulk (bulk) and surface (surf ) polarizability are shown for each struc-
ture.
Surface and bulk atom polarizability
h100i=f100g Nbulk bulk (a:u:) Nsurf surf (a:u:)
Perfect 141 75.72 524 242.60
Partial 126 71.60 539 231.87
Full 119 69.78 546 227.96
Twin 114 68.23 551 228.03
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4.3.3 Size Eects
So far, the discussion has centered on the eects of defects for a single size. The
question remains as to how the various defects (surfaces, dislocations) impact the
optical properties at larger sizes, which shall be addressed here.
A size eect study by calculating the absorption for the h100i/f100g nanocubes
with and without a single partial dislocation, full dislocation, and twin for cross sec-
tional sizes up to 5.3 nm, is conducted, while also considering h100i/f110g nanocubes
without any defects for cross sectional sizes up to 5.3 nm. For the h100i/f100g
nanocube without defects,the absorption maximum occurred at 3.6 and 3.24 eV for
nanocubes with 2 and 4 nm cross sectional lengths, respectively. The redshift is com-
pared with the recent experimental results on silver nanospheres by (Scholl et al.,
2012), who developed an analytical quantum theory of particle permittivity within
Mie theory, and found absorption peaks at 3.8 and 3.5 eV for silver nanospheres with
diameters of 2 and 4 nm, respectively. Accounting for the dierence in geometry
between the nanocubes in the present work and the nanospheres that were studied
experimentally and theoretically, the present computational model is able to qualita-
tively capture the size-dependent LSPR frequency evolution.
From our discussion on the eective polarizability distribution for h100i=f100g and
h100i=f110g nanocubes, it is established that for 2 nm nanocubes, the surface atom
polarizabilities dominated the bulk atom polarizabilities in controlling the optical
absorption. However, it is not established the size at which the bulk atoms will
begin to control the optical properties. Therefore, a size-dependent surface electron
density and bulk electron density (total free electrons divided by the volume of the
nanocube) changes is studed, because the LSPR resonance is essentially the collective
resonance oscillation of the free electrons, and the LSPR frequency is proportional to
the plasmon frequency !sp =
p
ne2=m0 (Liebsch, 1993; Link and El-Sayed, 1999),
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Figure 47: The ratio of LSPR frequency (yellow circles), square root
of surface electron density (purple triangles) and square root of volume
electron density (red triangles). The ratio in each case is calculated as
that of the h100i=f100g value (structure 1) to the h100i=f110g (struc-
ture 2) value for each size.
where n is the bulk free electron density.
Specically, the following values are computed: the ratio of LSPR frequency
(!1=!2), square root of surface electron density ratio, and square root of bulk electron
density ratio for h100i=f100g and h100i=f110g nanocubes. As seen in Fig. (47), the
LSPR frequency ratio for h100i/f100g to h100i/f110g follows the same trend as the
surface electron density ratio
q
nsurf1 =
q
nsurf2 for nanocube sizes smaller than about
3.3 nm. However, for larger sizes, the LSPR frequency ratio !1=!2 tends to follow the
bulk electron density ratio
p
nbulk1 =
p
nbulk2 , while for the same size range greater than
3 nm,
p
nbulk1 =
p
nbulk2 approaches a value of about 1.01. Therefore, this implies that
for nanocube sizes smaller than about 3 nm, the surface electron density dominates,
while for larger sizes the bulk electron density dominates. It shall be noted that the
ratios of surface electron density and bulk density are not identical to !1=!2, because
both should be modulated by quantum eects. Additionally, the jump in surface
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Figure 48: The absorption cross section of h100i=f100g nanocube of
size 5:3 5:3 5:3 nm3 for defect free case (black), partial dislocation
(blue), full dislocation (red) and twin fault (green).
electron density ratio from 4nm to 5nm nanocube dimension occurs due to the fact
that the h100i=f110g nanocubes are in fact not perfect nanocubes in that they have
dierent side lengths resulting from the fact that it has two f100g and four f110g
surfaces, which results in a variation in the total number of electrons at the surfaces.
Having established that the discrete surface eects become less important for
nanocube sizes larger than about 3 nm, the same size eect study for the crystal
defects is performed, i.e. full dislocation, partial dislocation and twin fault. Inter-
estingly, the same trend is found, i.e. that for nanocubes larger than about 3 nm,
the optical absorption spectrum for a h100i=f100g nanocube with a single partial or
full dislocation, or twin fault is essentially identical, as shown for a 5.3 nm nanocube
in Fig. (48). The rationale is similar to the surface case; because in this work it
has already established that it was the surface steps caused by the crystal defects
that were the cause for the large LSPR frequency red shift for the 2 nm size, it is
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intuitively clear that for larger sizes, as the surface eects diminish, that the eect of
crystal defects on the optical properties of nanocubes would also diminish at larger
nanocube sizes.
Overall, these results imply that experimentalists can essentially ignore the dis-
crete atomic structure resulting from defects for nanostructures with characteristic
sizes larger than about 5 nm. Furthermore, the variations in optical properties for
larger size nanostructures may not be attributed to individual crystal defects such as
surfaces, or dislocations, and are likely due to other eects, such as retardation (dy-
namic depolarization, radiative damping) (Meier and Wokaun, 1983; Ben and Park,
2011), and nonlocal eects (McMahon et al., 2010; de Abajo, 2008; Ben and Park,
2012).
4.4 Conclusion
A computational atomic electrodynamics dipole charge model is adopted to investi-
gate the eects of various crystalline defects (surfaces, partial dislocations, full dislo-
cations, twins) on the optical properties of small silver nanocubes. While the crystal
defects can have a substantial eect for nanocubes smaller than about 3 nm due to
the dominance of surface eects at those sizes, the eects are mitigated for larger
nanocubes.
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Chapter 5
Electrostatic Field Impact on the
Mechanical Properties of Silver Nanowires
The content that appears in this chapter has been largely adapted from the following
publication:
 X. Ben and H.S. Park. \Atomistic Simulation of Electric Field Eects on
the Youngs Modulus of Metal Nanowires," IOP Nanotechnology, 2014. DOI:
10.1088/0957-4484/25/45/455704
This chapter presents a computational, atomistic study of electric eld eects on
the Young's modulus of metal nanowires. The simulations are electromechanically
coupled, where the mechanical forces on the atoms are obtained from realistic em-
bedded atom method potentials, and where the electrostatic forces on the atoms are
obtained using a point dipole electrostatic model that is modied to account for the
dierent polarizability and bonding environment of surface atoms. By considering
three dierent nanowire axial orientations (h100i, h110i and h111i) of varying cross
sectional size and aspect ratios, It is found that the Young's modulus of the nanowires
diers from that predicted for the purely mechanical case due to the elimination of
nonlinear elastic stiening or softening eects due to the electric eld-induced pos-
itive relaxation strain relative to the relaxed mechanical conguration. It is also
further found that h100i nanowires are most sensitive to the applied electric eld,
with Young's moduli that can be increased more than 20% with increasing aspect ra-
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tio. Finally, while the orientation of the transverse surfaces does impact the Young's
modulus of the nanowires under applied electric eld, the key factor controlling the
magnitude of the stiness change of the nanowires is the distance between atomic
planes along the axial direction of the nanowire bulk.
5.1 Motivation for Applying Atomistic Model to Study Elec-
trostatic Mechanical Coupling
Low dimensional materials such as nanowires are known due to their large surface
area to volume ratio to exhibit unique electronic, thermal, optical and mechanical
properties as compared to standard bulk materials (Lieber and Wang, 2007; Xia
et al., 2003; Park et al., 2009). These physical properties have motivated the usage
of nanowires as a potential building block for future nanotechnologies (Khang et al.,
2006; Rogers et al., 2010) and nanoelectromechanical systems (NEMS) (Craighead,
2000; Ekinci and Roukes, 2005; Eom et al., 2011). In many of these applications,
particularly for NEMS, the nanowire is actuated by an externally applied electric
eld (Zheng and Zhu, 2006). For example, the elastic properties of nanowires are often
obtained by in situ transmission electron microscopy (TEM), in which the mechanical
resonance of the nanowire is induced by the electrostatic forces that result from an
alternating voltage (Huang et al., 2006b; Chen et al., 2006; Zijlstra et al., 2008).
However, when a conductive nanowire is subject to an electric eld, its surface
must be charged and polarized, and so there will be electrostatic forces exerted on
the nanowire. When an electrostatic eld is applied, researchers have reported that
the pressure on the nanowire surface is negative due to the strong electrostatic force
when the distance between the nanowire and the electrode is small (Zheng and Zhu,
2006). Because of this, it is natural to wonder whether the electric eld applied by
the in situ TEM has any inuence on the measured Young's modulus of the nanowire.
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This question of electric eld-induced eects on the elastic properties of nanos-
tructures has driven research by various groups, though the majority of the existing
work has been done on carbon nanotubes (Purcell et al., 2002). In contrast, the
eects of static electric elds on the Young's modulus of metal nanowires have not
been studied extensively (Zhu and Zheng, 2010). For example, Zhu et al. used a con-
tinuum surface elastic theory that accounted for electric eld eects by incorporating
it into the surface energy, and derived analytic expressions for the eective Young's
modulus (Zhu and Zheng, 2010), nding that the electric eld had a stronger eect
with decreasing nanowire cross sectional dimension.
However, previous studies on metal nanowire/electric eld interactions have not
used a realistic atomistic model that accounts for surface orientation, axial orienta-
tion, and surface and bulk polarization in determining the Young's modulus. Our
work thus presents new insights on the role of electric eld eects on the elastic prop-
erties of FCC metal nanowires resulting from coupled electromechanical atomistic
calculations.
5.2 Simulation Description
The simulations were performed as follows. First, silver nanowires of various sizes,
surface orientations, axial orientations and aspect ratios were created with the atoms
placed at the bulk lattice spacing for silver of 4.09 A. The nanowires were then re-
laxed to their equilibrium congurations without any applied electric eld subject to
the boundary condition that the atoms lying in the outermost planes at each end of
the nanowire are constrained to move axially along the nanowire length. During this
relaxation process, the nanowires contract in length due to the presence of tensile
surface stresses (Cammarata, 1994; Park et al., 2005; Diao et al., 2003). After me-
chanical relaxation, the equilibrium conguration for a given electric eld intensity is
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found by gradually increasing the electric eld in small increments up to the specied
value, while nding the equilibrium conguration of the nanowire for each electric
eld increment while again constraining the atoms that lie in the planes at each end
of the nanowire to move in the axial direction. Increasing the intensity of the elec-
tric eld results in an expansion of the nanowire due to the induced dipole-dipole
repulsion.
Once this electromechanical equilibrium was found, the nanowires were deformed
uniaxially in tension and compression by xing the two ends of the nanowire, and
applying strain in increments of 0:025% while the constant electric eld continued to
be applied. The Young's modulus of the nanowire was calculated by extracting the
reaction force at the displaced ends, and then converting it to stress by normalizing
by the nanowire cross sectional area, and calculating the slope of the resulting stress
versus strain curve.
Four dierent types of silver nanowires are studied. Firstly h100i=f100g nanowires
and h100i=f110g nanowires, Because these have the same h100i axial orientation, this
will enable the determination of what eect dierent transverse surface orientations
have on the electromechanical coupling. To study dierent axial orientations, h110i
and h111i oriented silver nanowires are also considered. The cross sectional lengths
D were typically about 2 nm  2 nm, while the nanowire lengths L were chosen such
as aspect ratios L=D from 2 up to 5 were considered. Finally, electric eld values of
0.1, 0.2 and 0.3 V/A were applied to the nanowires. These values were chosen due to
being commonly used in in-situ TEM (Wang et al., 2007b).
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Figure 51: The relaxation strain vs. electric eld intensity for a 2 nm
side length h100i=f100g nanowire, and the nanowire axial length varies
from 4 to 10 nm, or the aspect ratio of nanowire ranges from 2 to 5.
5.3 Eects of Electrostatic Field on the Relaxation Strain of
Nanowires
5.3.1 Relaxation Strain
Before characterizing the electric eld eects on the elastic properties of the nanowires,
the relaxation strain is rstly studied for h100i=f100g nanowires with cross sectional
length ofD=2 nm, and axial length from 4 to 10 nm, or aspect ratio L=D ranging from
2-5. This is done as representative trends, such as the sensitivity of the nanowires
to applied electric elds for dierent aspect ratios and electric eld strengths, can be
gleaned.
The results are shown in Fig. (51). Specically, it is clear that as the electric eld
intensity increases, so does the tensile relaxation strain, where the strain is calculated
with respect to the mechanically relaxed conguration, where the nanowire length is
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Figure 52: The relaxation strain vs. electric eld intensity for a 6
nm axial length h100i=f100g nanowire where the nanowire side length
varies from 2 nm to around 3 nm.
shorter than if the atoms sit at the bulk lattice sites due to the compressive strain
induced by the tensile surface stresses (Park et al., 2005). The elongation of the
nanowire relative to the mechanically relaxed conguration occurs due to the large
tensile electrostatic forces that result at the two ends of the nanowires as a result of
the applied electric elds, which cause elongation of the nanowire as compared to the
nanowires that contract due to mechanical surface stresses.
Fig. (51) also shows that the relaxation strain depends on the nanowire aspect
ratio L=D. As can be seen, for a given electric eld intensity, the tensile relaxation
strain is largest for the largest aspect ratio nanowire of L=D = 5, or when L=10
nm. The deformation of the nanowire is the same if the electric eld direction is
reversed, which is similar to previous results obtained for electrostatically actuated
carbon nanotubes (Wang and Devel, 2007).
Because Fig. (51) considered a constant cross sectional size, Fig. (52) shows
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Figure 53: The relaxation strain for a 10 2 2 nm3 silver nanowire
under increasing electric eld intensity. The four nanowires considered
are h100i=f100g, h100i=f110g, h110i and h111i.
the relaxation strain for a L=6 nm long h100i=f100g nanowire where the side length
D varies between 2 and 3 nm. In this case, the larger cross section, the smaller the
relaxation strain for a given electric eld intensity. This result, combined with that in
Fig. (51) demonstrates that the relaxation strain for the nanowire for a given electric
eld increases nonlinearly with increasing electric eld strength, and is dependent on
both the axial length L and side length D, and thus the aspect ratio L=D.
Nanowires with the same geometry, but dierent surface and axial orientations
are also considered, which is nanowire geometry that is 10  2  2 nm3 , with four
dierent congurations: h100i=f100g, h100i=f110g, h110i and h111i. The relaxation
strains for these four nanowires under dierent electric eld intensities are shown in
Fig. (53). As shown in Fig.(53), the h100i=f100g and h100i=f110g nanowires show
the largest relaxation strains with the strains for the h100i=f110g nanowire being
slightly smaller. In contrast, the h110i and h111i nanowires exhibit considerably
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smaller relaxation strains for the same electric eld intensity. In comparing the two
h100i nanowires with dierent surface orientations, the relaxation strain is higher for
the f100g surface than the f110g surface, which is likely due to the higher density of
atoms on the f100g surface that can interact with the electric eld.
However, it remains unknown why the relaxation strain for the h100i nanowires is
larger than the h110i nanowires, which is nally larger than the h111i nanowires. The
reason for this lies in the distance between adjacent planes along the axial direction.
For example, for the h100i nanowires, the distance between atomic planes along the
h100i direction is a=2, where a = 4:09 A is the lattice constant for silver. In contrast,
the distance between atomic planes in the h110i direction is p2a=2, while in the h111i
direction it is 2
p
3a=3. This interplanar distance determines how strongly the atoms
interact with each other under the eect of the applied electric eld, and explains the
trend in the relaxation strain for dierent axial orientations seen in Fig. (53).
5.3.2 Electric Field Eects on Nanowire Young's Modulus
It is considered rstly again the h100i=f100g nanowire with dimensions 10  2  2
nm3, subject to tensile loading under electric elds ranging from 0 to 0.3 V/A.
As shown in Fig. (54), the stiness of the nanowire increases steadily with in-
creasing electric eld, which correlates to the increased sensitivity in the form of a
larger tensile relaxation strain previously seen in Fig. (51) as the electric eld in-
tensity is increased. In the following, it shall be discussed on how size, aspect ratio,
surface orientation, and axial orientation, impact the elastic properties of the metal
nanowires that are subject to an external electric eld.
Axial Length Eects
This part rst examines how the Young's modulus is impacted by increasing the as-
pect ratio of the nanowires as they are subject to dierent electric eld intensities.
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Figure 54: Tensile stress vs. strain curve for a 10  2  2 nm3
h100i=f100g silver nanowire, for various electric eld intensities ranging
from 0 to 0.3 V/A, and a maximum tensile strain of 0.5%.
The percent change in Young's modulus that is plotted in Fig. (55) and subse-
quent gures is calculated as (E   E0)=E0, where E is the Young's modulus of the
nanowire subject to electric elds, and E0 is the Young's modulus of the nanowire
without electric eld eects. As shown in Fig. (55) for a h100i=f100g nanowire with
cross sectional dimensions of 2  2 nm2 and dierent lengths, the Young's modulus
increases with increasing axial length, therefore increasing aspect ratio, and also for
increasing electric eld intensity. This observation is also found for the other nanowire
orientations considered in the work.
Cross-Sectional Length Eects
Next this part consider the eects of cross sectional length D on the Young's modulus.
In this case, a h100i=f100g nanowire with xed axial length L = 6 nm is considered,
while varying the cross sectional length D between 2 and 3 nm. As shown in Fig.
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Figure 55: The relative change in the Young's modulus for
h100i=f100g nanowires with xed side length D=2 nm, and varying
axial lengths of L=4,6,8,10 nm under electric elds with magnitudes
0.1, 0.2, 0.3 V/A.
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Figure 56: The relative change in the Young's modulus for
h100i=f100g nanowires with xed axial length L=6 nm, and varying
side lengths d=2, 2.45, 2.86 nm under electric elds of magnitude 0.1,
0.2, 0.3 V/A.
(56), as the nanowire thickness increases, the change in nanowire Young's modu-
lus decreases, indicating a weakening of the electric eld impact for nanowires with
smaller aspect ratios.
Axial Orientation and Surface Eects
Having examined dierent geometric eects on how electric elds impact the Young's
modulus of silver nanowires, this part now discusses how the mechanical stiness
of nanowires with dierent axial orientations, as well as how nanowires with dier-
ent transverse surfaces are impacted by an externally applied electric eld. To do
so, the work considers the four structures previously discussed, i.e. h100i=f100g,
h100i=f110g, h110i, h111i. For all four cases, silver nanowires with a constant cross
sectional length of D=2 nm are studied, while varying the axial length L from 4 to
10 nm to ensure that the dierence in Young's modulus induced by the electric eld
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Figure 57: The percentage change in the Young's modulus for
nanowires versus the axial length under tensile loading. The electric
eld magnitude is 0.3 V/A, and four dierent orientations are illus-
trated. The nanowire side length D=2 nm while the axial lengths L
vary from 4 to 10 nm.
is not due to cross sectional size eects.
The results for the dierent nanowires are shown in Fig. (57). As can be
seen, with the increasing aspect ratio, both h100i nanowires stien while the h110i
nanowires soften, under the electrostatic eld. In contrast, the h111i nanowires show
little change in stiness with increasing aspect ratio. Indeed, for the purely mechan-
ical case, it was established by Liang et al. (Liang et al., 2005a) for very small cross
section nanowires like the ones considered in this work that bulk nonlinear elastic-
ity, which results from the large compressive strains that nanowires undergo due to
the tensile surface stresses (Park et al., 2005), causes h100i nanowires to soften as
compared to the bulk material, h110i nanowires to stien as compared to the bulk
material, while h111i nanowires have a relatively small relaxation strain, and thus lit-
tle change in the mechanical stiness as compared to the bulk material. Furthermore,
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the higher the surface-stress-induced compressive strain, the stronger the softening
or stiening eect.
However, when an electric eld is applied to the nanowires, the relaxation strain
is tensile, as shown in Fig. (53), and so the nanowire is longer as compared to
the mechanically relaxed nanowire, i.e. the nanowire undergoes less compressive
strain. Because of this, the compressive bulk nonlinear elasticity that controls the
mechanical stiening or softening in the purely mechanical case (Liang et al., 2005a)
is obviated under the electric eld, and the nonlinear elasticity-induced stiening
or softening eect that results from the surface-stress-induced compressive strain is
weakened. Therefore, compared to the purely mechanical case, the h100i nanowires
under electrostatic eld have a smaller compressive relaxation strain, which weakens
the softening eect and thus results in a higher Young's modulus, while the oppo-
site trend is seen for h110i nanowires. As the nanowire aspect ratio increases, the
compressive relaxation strain becomes smaller, and thus a larger relative change in
Young's modulus is observed. Again the normalizing value for the Young's modulus
E0 in Fig. (57) is not the Young's modulus for bulk silver, but the value of purely
mechanically stretched nanowire (Liang et al., 2005a).
This also explains the results seen previously in Figs. (55) and (56). In particular,
as shown by Park and Klein (Park and Klein, 2007), the relaxation strain of the
nanowires increases with increasing aspect ratio, for a xed cross sectional size, and
decreases with increasing cross sectional size for a constant length. Because the
compressive relaxation strain, which increases with increasing length (or increasing
aspect ratio), is reduced due to the applied electric eld, a larger relative change
in Young's modulus is observed in Fig. (55) with increasing length because longer
nanowires exhibit more nonlinear elastic stiening or softening. In contrast, because
the aspect ratio decreases for the constant length nanowires as the cross sectional
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dimension increases, there is a decrease in the alleviation of the nonlinear elastic
softening, and thus a decrease in the change of Young's modulus is observed in Fig.
(56).
The results in Fig. (57) also shed light on the role of surface eects in controlling
the Young's modulus under an applied electric eld. Specically, in comparing the
Young's modulus for the two h100i nanowires, it is shown that both have the same
trend, i.e. an increasing stiness with increasing aspect ratio. The h100i=f100g
nanowire is somewhat stier than the h100i=f110g nanowire, which is due to the
fact that the density of atoms on the f100g surface is higher than that on the f110g
surface. Thus, it is concluded that while the surface orientation does impact the value
of the nanowire stiness when subject to an electric eld, the key factor controlling
the magnitude of the stiness change is in fact the distance between atomic planes
along the axial direction of the nanowire bulk.
5.4 Discussion
Before closing, a comparison between atomistic results and those previously obtained
using analytical models is needed. In particular, the work compares results against
those of Zhu and Zheng (Zhu and Zheng, 2010). In their work, the authors developed a
continuum surface elasticity model incorporating surface electrostatic eects to study
the change in the axial and transverse stiness of copper nanowires due to applied
electric elds. For h100i=f100g copper nanowires subject to axially applied electric
elds, they found a decrease in the axial stiness of the nanowire. It should be further
noted that only h100i nanowires were considered, and thus no orientation-dependency
was obtained.
The softening results reported by Zhu and Zheng (Zhu and Zheng, 2010) are
in contrast to those found here using the fully coupled electromechanical atomistic
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model. The reason for this is because the initial relaxation strain, which is captured in
this work, and which has previously been established to control the trend of the axial
stiness due to nonlinear elastic eects (Liang et al., 2005a), was not considered in
the theoretical model. In other words, the important eect of core nonlinear elasticity
is neglected in the theoretical model due to the lack of initial relaxation strain.
5.5 Conclusion
In conclusion, this part of the thesis demonstrated, using an electromechanically
coupled atomistic simulation with realistic models for both the mechanical and elec-
trostatic properties, that applied electric elds can signicantly alter the Young's
modulus of metal nanowires. While the eect is most dramatic for h100i nanowires,
h110i and h111i nanowires also show eects, particularly as the aspect ratio increases.
The eect appears size-dependent and thus most important for nanowires with very
small cross sectional dimensions or high aspect ratios due to the fact that the mecha-
nism underpinning the change in the Young's modulus is the reduction of the nonlin-
ear elastic stiening or softening that occurs due to the initial surface-stress-induced
compressive strain in the relaxed nanowires.
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Chapter 6
Surface Plasmon Resonance Induced
Stiening of Silver Nanowires
The content that appears in this chapter has been largely adapted from the following
manuscript:
 X. Ben and H.S. Park. \Surface Plasmon Resonance-Induced Stiening of Silver
Nanowires," Scientic Reports, submitted, 2015.
In this chapter, extensive study is performed, on how the mechanical properties are
being altered by the electromagnetic waves, through the treatment of a computational,
atomic electrodynamics model, and specically, the study is focused on the change
in Young's modulus of silver nanowires. It is found that the Young's modulus of
the nanowires is strongly dependent on the optical excitation energy, with a peak
enhancement occurring at the localized surface plasmon resonance frequency. When
excited at the plasmon resonance frequency, the Young's modulus is found to increase
linearly with increasing nanowire aspect ratio, with a stiening of nearly 15% for a 2
nm cross section silver nanowire with an aspect ratio of 3.5. Furthermore, these results
suggest that this plasmon resonance-induced stiening is stronger for larger diameter
nanowires for a given aspect ratio. This study demonstrates a novel approach to
actively tailoring and enhancing the mechanical properties of metal.
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6.1 Motivation of Studying Surface Plasmon Resonance In-
duced Modulation of the Mechanical Property of Metal-
lic Nanowires
FCC metal nanostructures such as gold and silver exhibit localized surface plasmon
resonance (LSPR), which is a unique optical response that occurs upon interaction
with incident electromagnetic waves such as light at specic wavelengths (Barnes
et al., 2003; Ozbay, 2006; Anker et al., 2008; Kelly et al., 2003; Murphy et al., 2005;
Catchpole and Polman, 2008) within the visible spectrum. The application areas of
LSPR are remarkably broad, and include single molecule sensing and detection (Anker
et al., 2008; Xu et al., 2000; Nie and Emory, 1997; Kneipp et al., 1997), photothermal
treatments for cancer (Hirsch et al., 2003; Hirsch et al., 2006; Huang et al., 2006a),
optical sensing, tagging and imaging applications (Raschke et al., 2004; Malinsky
et al., 2001; Sokolov et al., 2003; El-Sayed et al., 2005), and as a novel approach
to enhancing the eciency of silicon-based thin lm photovoltaic devices and solar
cells (Catchpole and Polman, 2008; Schaadt et al., 2005; Pillai et al., 2007).
In addition to their fascinating optical properties, the mechanical properties of
metal nanostructures have also been intensely studied in recent years (Park et al.,
2009). Many unique behaviors have been reported, which generally arise due to the
large surface area to volume ratio that these metal nanostructures exhibit. Spe-
cic examples include nanowires that are both ultra strong and ductile (Seo et al.,
2011; Park et al., 2013), near ideal strength (Wu et al., 2005; Yue et al., 2011; Zhu
et al., 2012), surface-stress-induced phase transformations (Diao et al., 2003), shape
memory and pseudo elasticity (Park et al., 2005; Liang et al., 2005b), martensitic
phase transformations (Park, 2006), and unexpected, surface-mediated mechanisms
of plastic deformation (Zheng et al., 2010; Weinberger and Cai, 2012; Park et al.,
2006).
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While the elds of nanoplasmonics and nanomechanics are independently large
and active, there has to-date been little intersection between the two, though the
idea of using mechanical strain to actively tailor and enhance the optical properties
of metal nanostructures has been investigated (Lerme et al., 2001; Cai et al., 2001;
Qian and Park, 2010a; Ben and Park, 2013). In particular, what has not been studied
is the reverse eect, i.e. whether nanooptical eects such as LSPR can be used
to actively tailor and enhance the mechanical properties of metal nanostructures,
though this reverse optomechanical eect has been observed in semiconductors by
Zhao et al. (Zhao et al., 2009) for ZnO nanobelts, where the ZnO nanobelts exhibited
signicant elastic stiening as measured using nanoindentation if illuminated by light
with a photon energy that exceeds the 3.34 eV band gap of ZnO.
It will be reported here, by coupling atomic electrodynamic computational tech-
niques for the optical properties (Jensen and Jensen, 2009) and standard molecular
statics for the mechanical properties (Daw and Baskes, 1984; Foiles et al., 1986), the
strong eect of LSPR on the Young's modulus of silver nanowires. The Young's mod-
ulus of silver nanowires is sensitive to the LSPR wavelength, and shows a substantial
increase when silver is excited at the LSPR wavelength. The plasmonically-driven en-
hancement in Young's modulus is shown to reach nearly 15% for a 2 nm cross section
nanowire with an aspect ratio of 3.5. This work demonstrates for the rst time that
the elastic properties of metal nanostructures, and in particular the Young's modulus,
can be actively altered or enhanced by optically exciting the electrons of the metal
at the localized surface plasmon resonance wavelength.
6.2 Simulation Details
The simulations were performed as follows. First, silver nanowires of various sizes
and aspect ratios were created with the atoms placed at the bulk lattice spacing of
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4.09 A. The nanowires were then relaxed to their equilibrium congurations under the
competing inuences of mechanical surface stresses (Cammarata, 1994), which cause
the nanowire to contract in order to increase the coordination number of surface
atoms (Park et al., 2005; Diao et al., 2003), and the optical forces, which cause
the nanowires to expand due to dipole-dipole repulsion. The resulting equilibrium
conguration is always at a state of compression, i.e. the nanowire length is shorter
than when initially created at the bulk lattice positions, though it is important to
note that the compressive strain is smaller than for the purely mechanical case, i.e.
when compression due to surface stresses occurs.
Once the equilibrium conguration was found, the nanowires were deformed uni-
axially in compression by applying a compressive displacement that scaled from zero
at one end to a maximum value at the other end while the optical force was still
applied, while again allowing the nanowire to nd the resulting equilibrium cong-
uration. At equilibrium for each conguration during the compression process, the
atoms that are not at the boundary experience zero net forces, while the xed atoms
at the left and right ends of the nanowire experience nonzero forces that are needed
to keep them at the xed positions. The total force that is needed to compress the
nanowire can be obtained by summing over all the nonzero forces at the xed end.
The Young's modulus of the nanowire was calculated by extracting the reaction force
at the displaced end, converting it to stress by normalizing by the nanowire cross
sectional area, and calculating the slope of the resulting stress versus strain curve.
6.3 Eects of LSPR on Nanowire Young's Modulus
Firstly a characterization the optical eld eect on a specic silver nanowire with
xed geometric dimensions is done to elucidate the eects of electric eld intensity on
its mechanical properties, with specic consideration of a h100i=f100g nanowire with
79
1 1.5 2 2.5 3 3.5 4
0
0.5
1
1.5
%
 R
el
ax
at
io
n 
St
ra
in
Excitation Frequency (eV)
 
 
0
0.05
0.1
0.15
σ
(ω
)/N
 (a
.u.
)
E=0.1 V/A˚
E=0.2 V/A˚
E=0.3 V/A˚
Extinction Cross-section
Figure 61: Percent change in length, or relaxation strain, as a func-
tion of optical eld frequency and intensity for a 4  2  2 nm3 silver
nanowire. Corresponding extinction spectrum is overlaid to emphasize
connection between relaxation strain and the surface plasmon resonance
frequency.
dimensions 4  2  2 nm3, subject to optical elds with peak electric eld intensity
ranging from 0.1 to 0.3 V/A. In the following discussion, all electric eld intensities
refer to the peak eld intensity.
Due to the optical eld excitation, repulsive dipolar forces are generated between
the atoms, with the repulsion being strongest at the nanowire axial surfaces. There-
fore, as shown in Fig. (61), the nanowire length increases as compared to relaxed
nanowires without electrodynamic excitation before any external compression is ap-
plied, where the relaxation strain is dened as (L L0)=L0, where L is the deformed
nanowire length and L0 is the length of mechanically relaxed nanowire, i.e. after
contraction due to surface stresses. Again, note that the overall state of strain in the
nanowires is compressive, but the relaxation strain in Fig. (61), and all subsequent
gures, is positive due to the fact that the dipolar repulsion generated by the optical
eld causes the nanowire to elongate from the mechanically relaxed conguration re-
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Figure 62: Percent change in the Young's modulus as a function of
optical eld frequency and intensity for a 422 nm3 silver nanowire.
Corresponding extinction spectrum is overlaid to emphasize connection
between the Young's modulus enhancement and the surface plasmon
resonance frequency.
sulting from the intrinsic mechanical surface stresses (Diao et al., 2003; Park et al.,
2005; Liang et al., 2005b).
It is also interesting to examine the relaxation strain spectrum in Fig. (61).
In particular, because silver is a dispersive material, its strong frequency-dependent
optical response results in a strongly frequency-dependent initial relaxation strain.
Therefore, Fig. (61) overlaid the extinction cross section for the 4  2  2 nm3
nanowire. As can be seen, the maximum relaxation strain is observed to occur at
the resonance peak for the silver nanowire, which occurs at around 3.2 eV for the
4  2  2 nm3 nanowire shown in Fig. (61). The relaxation strain increases with
increasing electric eld intensity, though the frequency at which the relaxation strain
is a maximum is independent of the electric eld intensity.
The dependence of the relaxation strain on the excitation frequency is because
localized surface plasmon resonance is a manifestation of the collective oscillations
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of the electrons in the nanowire due to the incoming electrodynamic eld. As a
result of this resonance, atoms experience the strongest polarization in response to
the external eld at the resonant frequency. At resonance, the dipolar repulsion is
strongest, which manifests itself through a maximum in the repulsive optical force,
and thus a maximum in the positive relaxation strain in Fig. (61) resulting from the
repulsive dipolar force.
Having established the relaxation strain as a function of optical frequency and
intensity, Fig. (62) presents the percent change in Young's modulus for the same
4 2 2 nm3 silver nanowire. The percent change in Young's modulus is calculated
as (E E0)=E0, where E0 is the Young's modulus of the nanowire when it is not sub-
ject to any applied electromagnetic radiation, and E is the Young's modulus for the
nanowire subject to the prescribed optical frequency and intensity. Here, the normal-
izing value E0 is size-dependent due to nonlinear elasticity arising from contraction
due to tensile surface stresses, and follows previously established trends (Liang et al.,
2005a). As can be seen, there is great similarity between the relaxation strain trend
in Fig. (61) and the Young's modulus in Fig. (62), where the maximum enhance-
ment in the Young's modulus occurs at the plasmon resonance frequency of 3.2 eV,
which again overlaid the extinction spectrum to highlight the connection between the
optical and mechanical properties. Furthermore, the Young's modulus enhancement
increases with increasing electric eld intensity, reaching about 14% for an electric
eld of 0.3 V/A.
The increase in the Young's modulus when the nanowire is subject to externally
applied electric elds is due to the initial relaxation strain, which because it is positive
(or less negative than the purely mechanical case due to surface stresses) ensures that
the nonlinear elastic softening (Liang et al., 2005a), which occurs due to the large
compressive relaxation strains that the h100i nanowires undergo in the absence of
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Figure 63: Percent change in Young's modulus as a function of optical
eld frequency and intensity for a 4 2 2 nm3 silver nanowire.
any externally applied electric elds, is alleviated in these nanowires. Because Fig.
(61) shows that the resonance strain is frequency-dependent, this oers substantial
exibility in tuning the mechanical stiness of the nanowires, as shown in Fig. (62).
Another issue to quantify concerns the change in Young's modulus as a function
of optical frequency and intensity. While previously established in Fig. (62) that
the Young's modulus enhancement is electric eld-dependent, it is also interesting to
quantify the impact of the optical frequency. Fig. (63) shows the change in Young's
modulus for dierent electric eld intensities at dierent optical frequencies. As can
be seen, the change in Young's modulus is nonlinear for not only the near-resonant
frequency of 3.3 eV, but also for the o resonance frequencies of 1.4 and 2.6 eV.
However, it is clear that the increase in Young's modulus is strongly dependent on
the excitation frequency, and the closer the frequency to the LSPR frequency, the
greater the change in stiness. Therefore, in Fig. (63), the curve at 3.3 eV shows
the largest enhancement in Young's modulus with increasing electric eld intensity.
Currently only one nanowire size up until now is considered, however it is well-
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Figure 64: Relaxation strain for nanowires with cross sectional size
of 2 nm and dierent axial lengths ranging from 2 to 7 nm under an
electric eld intensity of 0.2 V/A.
known that the optical properties of metal nanostructures are strongly size and shape-
dependent (Jain et al., 2006; Kelly et al., 2003; Lee and El-Sayed, 2005; Link et al.,
1999). It is important to introduce both of these factors and how they inuence the
plasmonically-driven enhancement in the Young's modulus for silver nanowires.
Fig. (64) shows the relaxation strain for nanowires with a constant cross sectional
size of 2 nm, but for axial lengths ranging from 2 to 7 nm subject to an electric eld
intensity of 0.2 V/A. As can be seen, a steady red shift is observed in the relaxation
length spectrum with increasing length, which is to be expected as the resonance
relaxation strain is caused by LSPR, and because for dierent size nanowires, the
restoring force experienced by the electrons inside the nanowire changes, which mod-
ies the resonance frequency. In addition, the value of the relaxation strain increases
with increasing aspect ratio, reaching a maximum of nearly 1.4% tension for the
7 2 2 nm3 nanowire.
Fig. (65) shows the percent change in Young's modulus for nanowires with a
constant cross sectional size of 2 nm, with axial lengths of 3, 5 and 7 nm under
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Figure 65: Percent change in Young's modulus for nanowires with
xed cross sectional length of 2 nm, and axial lengths of 3, 5 and 7 nm
subject to an electric eld intensity of 0.2 V/A.
an electric eld intensity of 0.2 V/A. Similar to the relaxation strain in Fig. (4),
a red shift in the frequency at which the maximum enhancement in the Young's
modulus occurs is observed. Furthermore, the enhancement in the Young's modulus
increases with increasing aspect ratio, with a 14% enhancement seen for the 7 2 2
nm3 nanowire. These results are in contrast to recent experimental studies using
time-resolved transient extinction measurements to study the Young's modulus of
plasmonic nano particles (Zijlstra et al., 2008), where no variation in the Young's
modulus with respect to the bulk value was found. This is because that the underlying
operant mechanism for the ultrasmall nanowires considered in the present work lies in
the nonlinear elastic softening eects due to the large compressive strains induced by
surface stresses, is not active for the experimentally-considered nanowires due to the
fact that nanowires with diameters around 30 nm undergo very little surface-stress-
induced compressive strain.
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Figure 66: Relaxation strain for 2 nm cross section silver nanowires
with increasing axial length, or aspect ratio. The relaxation strains are
those at the resonance peak, and were calculated for an electric eld of
0.2 V/A.
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Figure 67: Percent change in Young's modulus for 2 nm cross sec-
tion silver nanowires with increasing axial length, or aspect ratio. The
values for Young's modulus are those at the resonance peak, and were
calculated for an electric eld of 0.2 V/A.
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The relaxation strain as well as the Young's modulus enhancement is plotted as a
function of nanowire aspect ratio, both for an applied electric eld of 0.2 V/A, in Figs.
(66) and (67), where both are calculated at the resonance frequency of the nanowire.
As can be seen, as the nanowire length increases, the optical tensile forces become
stronger and thus both the relaxation strain and the Young's modulus enhancement
become increasingly positive. The Young's modulus, in particular could be enhanced
by more than 20% when the aspect ratio increase above about 5.
It is also interesting to note that the linear increase seen in Figs. (66) and (67)
are similar to the linear increase in redshift of the plasmon resonance wavelength with
aspect ratio previously observed for metal nanostructures (Jain et al., 2006; Link and
El-Sayed, 1999; Prescott and Mulvaney, 2006). For the linear variation in relaxation
strain shown in Fig. (66), it is also found in calculations where the excitation is
from an electrostatic, and not electrodynamic eld (Ben and Park, 2014). Thus, this
interesting eect is not due to the surface plasmon resonance, but instead appears to
result from the electric eld-induced dipolar interactions (Ben and Park, 2014).
However, it is also known that longer nanowires with larger aspect ratios exhibit
larger relaxation strains due to surface stresses due to their larger ratio of transverse
to total surface area (Park and Klein, 2007), which is why it is found that increasing
relaxation strains for nanowires with larger aspect ratios. Furthermore, the optical
stress, or the stress due to the applied electromagnetic radiation, is calculated for
nanowires with increasing axial length or aspect ratio. As shown in Fig. (68),
the stress due to the optical excitation also exhibits a linear scaling with respect
to aspect ratio, which explains the linear dependency in the relaxation strain and
Young's modulus seen in Figs. (66) and (67).
The last issue addressed here is that of the size eect, i.e. to determine whether
this LSPR-induced stiening will be enhanced or reduced for larger nanowires. Due
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Figure 68: Variation in the optical stress with increasing axial length,
or aspect ratio, for a silver nanowire with cross sectional length of 2
nm.
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Figure 69: Percent change in Young's modulus for silver nanowires
with xed aspect ratio of 2.
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to computational limitations, the work considers nanowires with a constant aspect
ratio of two, but with cross sectional lengths ranging from about 3 to 5.5 nm. As
shown in Fig. (69), the Young's modulus increases with increasing axial length, and
thus cross sectional length. This result helps in our understanding of the competing
factors that govern the change in the Young's modulus with increasing axial and cross
sectional length, under the external eld excitation. As previously shown by Park
and Klein (Park and Klein, 2007), the relaxation strain of the nanowires when no
electric eld is applied increases with increasing axial length, for a xed cross sec-
tional size, and decreases with increasing cross sectional size for a constant length. A
consequences of the increase in compressive strain due to surface stresses is nonlinear
elastic softening (reduction in the Young's modulus) for h100i nanowires as compared
to bulk silver, as shown by Liang et al. (Liang et al., 2005a).
However, when the nanowires are excited by the incident dynamic eld, the com-
pressive strain due to surface stresses is reduced due to the repulsive dipolar inter-
actions, which also reduces the nonlinear elastic softening due to the compressive
strain, which nally results in enhanced stiness of the nanowires. Nanowires with
increasing axial length (for a xed cross sectional size) exhibit a stronger reduction
of the compressive strain, which results in a larger change in the Young's modulus.
In contrast, nanowires with increasing cross sectional length (for a xed axial length)
exhibit a weaker reduction of the compressive strain, and thus a smaller change in the
Young's modulus, as also shown in our previous work (Ben and Park, 2014). Thus,
though all nanowires become stier as compared to the purely mechanical case, the
geometry of the nanowire governs the magnitude of the stiness increase.
For a xed aspect ratio, at least for the small sizes considered in the present work,
the results in Fig. (9) show that when the axial and cross sectional lengths increase
with the same proportion, the percentage change in Young's modulus still goes up
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for the larger sizes (both increasing axial and cross sectional lengths). This implies
that it is easier to make the nanowire stier by increasing its axial length than by
decreasing the cross sectional size.
6.4 Conclusion
In conclusion, this part of Ph.D. work has utilized a coupled atomic, electromechanical
formulation to demonstrate that localized surface plasmon resonance can be utilized
to signicantly enhance the mechanical stiness of silver nanowires. The Young's
modulus enhancement was found to have a linear dependence on the aspect ratio,
and can be larger than 20% for silver nanowires with aspect ratios larger than 5.
Finally, the utilization of optical excitation enables substantial exibility in actively
tailoring and enhancing the mechanical properties of metal nanostructures due to the
fact that the stiness enhancements are strongly frequency dependent.
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Chapter 7
Conclusions
It is presented in this dissertation that the optical properties of metallic nanos-
tructures, particularly the plasmon resonance characteristics, can be actively tuned
through elastic strain engineering, either by stretching or compressing the embed-
ding medium of the nanoparticles, stretching the metallic nanowires, or introducing
defects inside the nanoclusters. The optical responses under those modulation were
systematically studied through continumm analytical theory and atomcic electrody-
namic theory. Mechanical strain can signicantly reduce the loss and enhance the
optical signal propagation length. Intrinsic defects existing in nanoclusters with sizes
down to 5 nm could sensitively shift the localized surface resonance frequencies. Re-
versely, by simulating nanostructures with optical eld, the interactions among the
atoms in the structures can be altered because of the modulation in the electron
density, particularly at the resonance condition. This extra optical force is derived
based on the atomic electrodynamic theory and further coupled to the mechanical
force. It was shown that the nanowires become stier under both the electrostatic
and electrodynamic (optical) eld. This work has provided in-depth understanding of
optomechanical coupling phenomenon in both forward and reverse coupling regime,
bridging the gaps between how nano-optics and mechanics could be correlated. Re-
sults represented in this work demonstrate a novel approach to actively tailoring
optical properties and enhancing the mechanical properties of metal, by utilization of
optical excitation and mechanical deformation.
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Future work in this research project would therefore focus on applying the atomic
electrodynamic methodology to other metallic materials such as gold, and the cor-
responding study requires more careful work to nd the dierent material response
parameters. In particular, while silver is a free electron dominated material, gold has
a signicant contribution from the bound (core) electrons, and thus it would be of
fundamental interest to compare the strength of the modulation in mechanical prop-
erties for silver and gold, to see whether the free or bound electrons exhibit a stronger
coupling to the externally applied optical eld.
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